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ABSTRACT OF DISSERTATION
NANOSTRUCTURED METAL THIN FILMS AS COMPONENTS OF COMPOSITE
MEMBRANES FOR SEPARATIONS AND CATALYSIS
Novel metallic thin film composite membranes are synthesized and evaluated in this work
for improved separations and catalysis capabilities. Advances in technology that allow for
improved membrane performance in solvent separations are desirable for low molecular
weight organic separation applications such as those in pharmaceutical industries.
Additionally, the introduction of catalytic materials into membrane systems allow for
optimization of complex processes in a single step. By adding a nanostructured metallic
thin film to its surface, a polymer membrane may be modified to exhibit these improved
properties. Using magnetron sputtering, thin metal films may be deposited on
commercially available membranes to modify separations properties. Alloy films may then
be deposited onto the membrane surface and dealloyed to produce a porous structure with
a small feature size for catalysis.
Multiple composites were studied in this research. Metallic thin film composites
(MTFCs) of 10 nm Ta films deposited on top of commercially available ultrafiltration
polysulfone (UF PSf) membranes were fabricated and characterized to study the film’s
effect on effective pore size of the membrane. A significant water flux drop from the UF
PSf (168 LMH/bar) to the resulting MTFC (8.8 LMH/bar) was found. Effective pore size
was studied using rejection experiments with molecules of known sizes as markers. The
UF PSf rejected about 90% of the 70 kDa while all smaller molecules were rejected
minimally. The MTFC, however, rejected down to 5 kDa dextran indicating a reduction in
effective pore size through the addition of 10 nm of Ta. Further experiments with IPA and
water indicated that the structure was stable in this solvent.
Two different alloy systems were studied as precursors to nanoporous films for
further catalysis. Both were Fe/Pd (80/20 at. %) and Mg/Pd (75/25 at.%) precursors were
used to produce nanoporous Pd. In all cases the alloy films were anchored to the membrane
substrate with a thin Ta film, then dealloyed to produce a nanoporous metal thin film
composite (npMTFC). In both cases the npMTFC was produced to catalyze a
dechlorination reaction using hydrogen gas. Chlorinated organic compounds were the
target compound for this system, as they are a persistent pollutant.
Fe/Pd alloy films were dealloyed using a solution of 25% sulfuric acid to etch away
the iron and generate porosity. The Fe/Pd npMTFCs were then tested for both batch mode
dechlorination and permeation testing with a model COC, chlorobiphenyl (PCB-1).
Permeation of a 5 ppm solution of PCB-1 through a similar membrane degraded 28% of
PCB-1 from solution with a single pass under H2 pressurization. For the Mg/Pd precursor
system only water was needed in order to etch magnesium, preserving the pore structure
of the underlying UF PSf substrate with little deformation from dealloying. Under
convective flow, the membrane removed over 70% of PCB-1 from solution with a single
pass at 4 bar H2 pressurization. Successful fabrication of a novel composite membrane type
has been demonstrated with applications for improved separations in solvents and in
catalysis. The catalytic applications here may be easily modified for a variety of reactions.
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Composites]
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CHAPTER 1. INTRODUCTION

Membranes present an enticing option for the improvement of efficiency across a
variety of vital industrial processes. Membrane-based processes often carry a reduced
capital cost and show improved energy efficiency on a commercial scale.1 From modern
day problems, such as addressing global warming through carbon capture, to the ages old
concern of processing the water, fats, and sugars in dairy, membranes have answers to
many of the problems humanity is facing. Beyond the improvement of existing processes,
membranes sometimes allow the development of new industries. Since their development
in the 1960’s reverse osmosis membranes have been the preferred solution from one of the
most difficult separations we know, turning salt water into drinkable water.
Membrane development has also historically been materials development. A great
part of the versatility of membrane’s applications comes from the wide variety of
membrane structures that are fabricated. Gas and reverse osmosis separations often require
nearly dense structures, while some water treatment membranes may have micron scale
pores to filter out only particulates and bacteria. The development of these membranes
each poses unique processing and materials challenges that must be addressed before they
can be commercialized.
Production of membranes with conventional materials such as polymers and inorganic
powders has been well established. The next frontier for membrane research is to move
beyond these traditional techniques and incorporate cutting edge new materials into
membranes to produce composites that outperform the status quo. Nanocomposites
provide the opportunity to harness the unique properties of materials which are structured
1

at the nanoscale and apply them to issues which are global in magnitude. Membranes
which incorporate nanomaterials are in development for applications to a broad range of
problems. Composites membranes with zeolite materials for gas separations,2 desalination
membranes with bio-derived protein channels,3 and reactive membranes with incorporated
nanoparticles4 are just a few examples, though there are many more.
In this research, magnetron sputtering processes were used as a route to producing
composite membranes with unique nanostructures.

Magnetron sputtering is a

commercially mature technology5 which is a type of physical vapor deposition process
used to create defect-free thin films on the surface of a wide variety of substrate materials.
Many membranes already possess a pore structure on the nanoscale, coating the membrane
with a suitable material such as metals can allow us to modify and access this nanostructure
in new and useful ways.
This study will further show that through the incorporation of metal thin films onto
the surface of polymer membranes, the effective pore size of the resulting composite is
reduced, and rejection properties of the membrane may be improved. While applicable to
many separations, these composites are of particular interest for separations taking place
in harsh environments such as organic solvents or extreme pHs. Polymers often used to
produce membranes may deform or degrade in these settings, but the metals used to
produce these films are inert. This will help to preserve pore structure and maintain
separations performance of the composites. Separations in organic solvent media are of
particular interest at the moment due to the prevalence of high value applications found in
the pharmaceutical industry.6

2

In addition to this templated nanostructure that is propagated through a properly
deposited film, a dealloying method may be applied to a deposited precursor to produce a
thicker film with a nanoporous structure. Under correct conditions, a properly prepared
film may be deposited onto the membrane’s surface and one component selectively etched.
A nanoporous sponge-like structure of metal results from the dealloying process, with
characteristic length scales in the tens of nanometer range.7 These structures make
especially good catalysts due to their high surface areas and the curvature of their surfaces.8
When coupled with convective flow through a membrane, typical constraints of reactant
diffusion may be overcome allowing even more efficient reactions.9
The synthesis methods used to produce these two types of composites are illustrated
as Figure 1. This dissertation work explores and develops the techniques used to produce
these two types of nanostructured composites. First, a commercially available polymer
membrane is used as a substrate material for the deposition of a thin metallic film. This
metallic thin film composite (MTFC) is tested for improved separations abilities. Then, if
catalytic capabilities are desired, the metallic film is dealloyed in a suitable etchant to
produce a nanoporous film on the surface, resulting in a nanoporous metallic thin film
composite (npMTFC) membrane.

These membranes were then tested for catalytic

capabilities for the specific use case of the dechlorination of chlorinated organic
compounds.10,11
This specific catalysis application is of particular import due to the human impact of
pollution in water sources due to contamination with chlorinated organics.

These

compounds are damaging to human health12 and have entered water sources in locations
across the country. Traditional remediation techniques are costly and result in concentrated
3

waste streams.

Dechlorination of these compounds through catalysts presents an

alternative strategy that may serve to reduce cost and has the added benefit of transforming
these dangerous compounds into benign chemicals, eliminating the hazard rather than
transferring it.

Figure 1. Schematic of a sample composite membrane. A pre-existing membrane is used
as the substrate for the deposition of a metallic film. If wanted, the film may be dealloyed
to produce a nanoporous metallic film on the membrane's surface for catalysis. The Fe/Pd
binary system is used here as an example.11 Reprinted with permission from Ind. &Eng.
Chem., Detisch 2018. Copyright 2018 American Chemical Society.

The central goal of this work lies in the synthesis of these novel composite
membrane structures.

Optimization of these fabrication techniques, and characterization

of the structure and properties of the resulting materials will make up the following
chapters, as well as further background descriptions contextualizing this work within the
4

body of the literature. The resulting composites will be shown to be effective for the model
separations applications of polysaccharides in water and for the catalytic degradation of
chlorinated organic compounds in the presence of hydrogen. It should be emphasized,
however, that they may be applied more broadly than this, to a variety of separations. The
catalysis especially has versatility, as almost all noble metals and many other transition
metals may be made into nanoporous structures and thus their catalytic applications could
be easily translated into the npMTFC system.
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CHAPTER 2. BACKGROUND

2.1

Membranes for Separations
A membrane is best defined through the description of the membrane process. As

described by Ho and Sirkar’s Membrane Handbook1:
“A membrane process requires two bulk phases physically separated by a third
phase, the membrane… The membrane phase interposed between two bulk phases
controls the exchange of mass between the two bulk phases in a membrane
process.”
In the broadest possible terms, a membrane is a selective layer. A membrane allows
passage of certain molecules through it, while rejecting others. Membranes are defined
by their ability to separate. They are an applied sort of Maxwell’s Demon13 which allow
us to sort on a molecular scale. Unlike the Demon, membranes are subject to all the
realities of thermodynamics, but are capable of performing complex separations,
nonetheless.
2.1.1

Basic Membrane Processes & Fabrication

Of all the various types of membrane systems that have been produced for water
treatment applications polymer-based membrane systems are the most broadly applied.14
Membranes are typically defined by their pore size, or by a molecular weight cut-off
(MWCO) value. The MWCO is defined as the smallest molecule for which the membrane
rejection is 90% effective. In order of decreasing pore size, the major types of polymer
membrane applied to water treatment are microfiltration (MF), ultrafiltration (UF),
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nanofiltration (NF), and reverse osmosis (RO). Figure 2 gives a summary of these
membranes types as well as others, along with relevant pore sizes and separations.

Figure 2. A summary of relevant membrane-based separations with pore sizes, molecular
weight cut-off (MWCO), and example solutes and particles.15 Reprinted with permission
from Progress in Polymer Science, Warsinger 2018. Copyright 2018 Elsevier.
These membranes reject molecules based on a difference of chemical or electrical
potential.1 In practice this is often based on a pressure gradient forcing one species through
the membrane more quickly than another, resulting in a separation. For liquid-based
separations the most important separation processes are either charge-based (Donnan
exclusion), size-based (steric hindrance), or proceed based on a solution-diffusion model.
Oftentimes true rejection properties arise from a combination of these two effects.1
Of all of the various types of membranes, the most relevant type to this work are
ultrafiltration, or UF membranes. UF membranes are characterized with a pore size from
10 – 100 nm and are used in the food and dairy industries, in water treatment, and
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biomedical applications.1,15

They are also crucially important as a support for the

composite membranes used in RO and NF applications.
UF membranes are typically asymmetric porous polymer structures, with small
pores (sometimes called a skin layer) at the very surface and increasingly large pores
through the thickness.

This structure allows a reduced pore size while minimizing

thickness to improve flow. This idealized structure is produced through a process known
as phase inversion.16-19 In this method the polymer is dissolved into solution at a stable
concentration. Then the solution is made unstable through a variety of means (temperature
change or introduction of a non-solvent phase) and the polymer is precipitated out of
solution. When the correct conditions are used for this process spinodal decomposition
will occur and a bicontinuous porous polymer structure is generated.19 A schematic of this
process is shown as Figure 3. In this way a variety of useful membrane structures in the
UF pore range may be produced (Figure 4). This process is performed on a highly porous
backing material to produce a stable UF membrane.16

Figure 3. Illustration of the phase inversion process via non-solvent induced phase
separation. A solution of polymer dissolved in the solvent is cast on a solid support then
immersed in a non-solvent phase to induce phase separation.20 Reprinted with permission
from Nature Reviews Materials, Werber 2016. Copyright 2016 Springer Nature.
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Once these membranes are produced, they must be characterized, and their
behaviors understood. The most direct way to determine effective pore size of a membrane
is to determine its MWCO through rejection studies. A solution is passed through the
membrane and the permeate concentration cip is compared to the concentration of the
retentate cir as in equation 2.1. Dextran molecules are a good candidate for this type of
𝑅𝑅𝑖𝑖 = 1 −

𝐶𝐶𝑖𝑖𝑖𝑖
𝐶𝐶𝑖𝑖𝑖𝑖

( 2.1 )

analysis21-24, though many other molecules may be used for similar experiments.

Figure 4. Cross-section images acquired via SEM of various membrane structures: a) An
asymmetric membrane with uniform porosity below the top layer; b) An asymmetric
membrane with a graded-pore structure beneath the top layer; c) An asymmetric membrane
with a finger-pore structure beneath the top layer; d) A symmetric microporous membrane
with no top layer.18 Reprinted with permission from Desalination, Strathmann 1977.
Copyright 1977 Elsevier.
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While a measurement of effective pore size may be determined from rejection data,
there is more to modelling membrane behavior than simply pore size. An idealized model
of water flow through a basic membrane structure is given by the Hagen-Poiseuille
equation (equation 2.2)1:
4
𝑛𝑛𝑝𝑝 𝑑𝑑𝑝𝑝
Δ𝑝𝑝

𝐽𝐽𝑣𝑣 = �

128𝜂𝜂

�

𝑙𝑙

( 2.2 )

Where Jv is volumetric flux, np is number of pores per unit area with diameter dp and length
l, and η is the viscosity of the permeate.1 This model assumes a uniform pore size and
laminar flow through those pores, but is a good starting point when considering water
permeation through a membrane structure.

2.1.2

Thin Film Composite Membranes

While UF membranes are widely used for separations of larger molecules, when it
comes to rejecting ions such salt and small molecules a membrane with smaller effective
pore size is required. This is achieved through the production of the thin film composite
membrane, which is how most NF and RO membranes are structured. These membranes
are generally fabricated by incorporating an additional layer of polymer on top of a polymer
support (such as a UF membrane) through a process known as interfacial polymerization.
Interfacial polymerization is a process patented in 198125 which allows for the
attachment of a relatively dense polymer layer on top of a porous polymer support layer.
The method consists of soaking the supporting membrane in a solution of an amine
monomer (such as piperazine or m‑phenylenediamine) and then submerging the membrane
10

in a solution containing the acyl chloride monomer (such as trimesoyl chloride).26 A
schematic of this reaction is shown as Figure 5. Though other specific chemistries may

Figure 5. Typical process used to produce commercial polyamide membranes derived from
m-phenylenediamine (MPD) and trimesoyl chloride (TMC) via interfacial
polymerization.26 Reprinted with permission from Desalination, Lau 2012. Copyright
2012 Elsevier.

also be used. The two compounds react with one another to form a cross-linked polymer
film of high density on the surface of the initial membrane. A schematic of this process is
given as Figure 6.20

Figure 6. Schematic showing the interfacial polymerization process used to form thin-film
composite (TFC) reverse osmosis membranes. Aqueous m‑phenylenediamine diffuses to
the water/organic interface, reacting with trimesoyl chloride to form a dense polyamide
film with ridge-and-valley morphology.20 Reprinted with permission from Nature Reviews
Materials, Werber 2016. Copyright 2016 Springer Nature.
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The resulting composite membrane contains a thin polymer film on the membrane’s
surface for use in rejections. Due to the thin nature of the polymer layer attached the flux
impact is reduced (smaller l term in equation 2.2). As an additional benefit of this type of
preparation the properties of the support membrane and the selective polymer thin film
may largely be tuned independently of one another, allowing more room for structural or
chemical optimization. As a result, these thin film composite (TFC) membranes have
found applications in many water treatment applications including water softening, and
desalination.25-27
2.1.3

Solvent Resistant Membranes

As previously discussed, polymer membranes have already found broad
applications in many water-based separations. However, there are major needs in other
industries for separations using other solvents. For instance, in pharmaceutical industries
separations processes account for 40-70% of capital and operating costs.6 Traditional
polyamide TFC membranes may perform well with some solvents, but then show no flux
at all with other solvents such as hexanes. Other polymer systems show similar variations
in flux between solvents which is not accounted for by viscosity changes.28 For this reason
research into new membrane materials which do not swell or degrade in the presence of
these aggressive solvents is ongoing.29-31

2.2

Chlorinated Organic Compounds as Pollutants and their Remediation
There are 68 Superfund Research Programs across the USA dedicated to

remediation of water sources which have been contaminated with chlorinated organic
compounds (COCs). COCs may enter water sources through various routes. Up until a
12

complete ban of their production in the 1970’s, polychlorinated biphenyls (PCBs) found
broad application as insulating oils in electric transformers and capacitors as well as heat
exchangers and hydraulic equipment.32 Leakage and improper disposal leads to PCB
presence in the environment. Another COC, trichloroethene (TCE) was widely used as an
industrial solvent, particularly as a degreaser.33 Unsurprisingly, TCE has entered water
supplies near metal degreasing sites and factories. Figure 7 shows a map of sites listed as
contaminated with two common COCs as compiled by the NIHS. COC contamination of
water supplies is a major health issue, according to the American Public Health
Association:
"virtually all chlorinated organic compounds that have been studied exhibit at least
one of a wide range of serious toxic effects such as endocrine dysfunction,
developmental impairment, birth defects, reproductive dysfunction and infertility,
immunosuppression, and cancer, often at extremely low doses" (AJPH 84 (3):51515)1,4.

It is clear that removal of these hazardous compounds from the water supply must
be a high priority. Current methods of COC remediation from ground water currently
consist of air sparging methods with subsequent adsorption of contaminants by activated
carbon. This technique still requires long term storage solutions for the contaminated
adsorbents. As an alternative to storage, destruction of the adsorbed COCs by incineration
treatment has very high energy requirements due to the extreme temperatures needed to
break these especially stable compounds down into non-toxic products. Overall, this leads
to a high cost for remediation of contaminated sites, slowing treatment.
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Figure 7. Map illustrating widespread of sites listed as contaminated with PCBs and TCE
via TOXMAP.
Catalyst based treatment methods have been investigated as an alternative path for
COC removal. This technique utilizes a chemical reaction to break down the toxic
compounds in solution and turn them into non-toxic forms. This treats the water by
degrading the contaminant itself, obviating any need for subsequent storage. Typically a
catalyst is needed in order to promote the reaction, though some COCs may be broken
down using only Fe through a reductive pathway34. For catalytic dechlorination Pd is a
common choice to initiate hydrodechlorination of the COCs35-38.
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2.2.1 Nanoparticle Treatment Methods

In order to maximize degradation nanostructured materials were a natural choice,
due to their high specific surface areas, and surface energies. For example, in the work of
Wang & Zhang 1997, Fe nanoparticles were measured with a specific surface area of 33.5
m2/g while micron-scale Fe particles available commercially had a specific surface area of
only 0.9 m2/g39. Nanoparticles have shown to be highly effective as catalysts and reactants
in a variety of systems, therefore it was natural for these materials to be turned to the
problem of COC remediation.
2.2.1.1 Fe Nanoparticle Reactions

Metallic, or zero-valent iron (ZVI) nanoparticles (Figure 8) have been investigated
for the treatment of COCs40-49. The majority of this research has focused on TCE
dechlorination and that of similar molecules as Fe nanoparticles degrade certain COCs such
as PCBs much more slowly than TCE. Fe nanoparticles are thought to degrade TCE
through reductive processes, with Fe serving as the electron donor.50 The half reactions
related to this process are:
𝐹𝐹𝑒𝑒 0 → 𝐹𝐹𝑒𝑒 2+ + 2𝑒𝑒 −

TCE + 𝑛𝑛 • 𝑒𝑒 − + 𝑚𝑚 • 𝐻𝐻 + → products + 3𝐶𝐶𝑙𝑙 −
2𝐻𝐻 + + 2𝑒𝑒 − → 𝐻𝐻2 ↑
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( 2.3 )
( 2.4 )
( 2.5 )

Figure 8. Fe nanoparticles as imaged by transmission electron microscopy.51 Reprinted
with permission from Environmental Science & Technology, Wang 1997. Copyright 1997
American Chemical Society.
Figure 9 illustrates the reactions in process46 and shows the formation of an FeOOH shell
that may occur due to interactions between the metallic iron nanoparticle and the solution.

Figure 9. Schematic illustrating the core-shell model of ZVI nanoparticles. A core of
primarily ZVI provides the reducing capacity for reactions with the environmental
contaminants. The outer shell consists of iron oxides and iron hydroxides which form from
oxidation of the ZVI. The outer shell allows for chemical complex formation (for example
chemosorption).46 Reprinted with permission from Critical Reviews in Solid State and
Materials Sciences, Li 2006. Copyright 2006 Taylor & Francis Group.
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In order to effectively dechlorinate other COCs like PCBs ZVI nanoparticles
require extended reaction times. The use of catalysts can drastically increase degradation
rates but raises cost concerns.52 Even for TCE, the presence of different catalysts in the
system can greatly increase reaction rates as shown in Figure 10. Relative dechlorination
rates of TCE in solutions with various metallic and bimetallic nanoparticles stabilized by
carboxymethyl cellulose (CMC) to improve dispersion are shown there. While some metal
additions such as nickel53, improve dechlorination rate marginally, it is clear the addition
of palladium has a dramatic effect on reaction rates.

.
Figure 10. Dechlorination of TCE by various CMC stabilized nanoparticles. Residual H2
from particle synthesis was removed in call cases. Iron loading = 0.1 g L-1 Fe, C0 = 20 mg
L-1 TCE, CMC90k = 0.2 wt.%, metal:Fe molar ratio = 9.7 mmol metal/g Fe, reaction pH
8.3 ± 0.2. Symbols: mean of experimental duplicates; error bars: range of duplicates; lines:
the first-order model fittings.54 Reprinted with permission from Applied Catalysis B, He
2008. Copyright 2008 Elsevier.
2.2.1.2 Palladium catalyzed Hydrodechlorination of COCs
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There are other chemical pathways to COC degradation in addition to the reductive
pathway discussed previously. Perhaps the most thoroughly studied of these is the
hydrodechlorination pathway.32,35,36,55,56 In this process, palladium serves as a catalyst to
produce hydrogen radicals from the diatomic hydrogen molecule, these radicals then
remove the chlorine atoms from the chlorine compounds to produce more benign
compounds. Palladium may be applied as a catalyst to promote a variety of relevant
reactions as shown in Figure 11.37

Figure 11. Proposed reaction pathways for Pd based degradation of relevant contaminants
in water.37 Reprinted with permission from Environmental Science & Technology,
Chaplin 2012. Copyright 2012 American Chemical Society.
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The primary questions open for application of these catalysts are focused on how
best to disperse and support the Pd catalyst, as well as to determine the optimal method to
supply hydrogen to the Pd catalyst. Typical supports for the Pd are either micro-scale
alumina particles or carbon-based particles. Both supports are largely inert and primarily
function to support and disperse the nanoparticles.56 Hydrogen may be supplied directly
to promote dechlorination, either by tanks of hydrogen gas from outside sources 32, addition
of hydrogen forming compounds57,58, or even from biological sources. An alternative
source of hydrogen for palladium-based catalysis is to use iron nanoparticles themselves.

2.2.1.3 Fe/Pd Nanostructured Catalysts for Water Treatment

Bimetallic particles, and especially bimetallic nanoparticles have shown
exceptional capabilities towards dechlorination of various COCs.52,59-62 In order to produce
such bimetallic particles, ZVI particles are either synthesized or purchased and then
“decorated” with smaller palladium islands on their surface. This is accomplished with the
addition of Pd salts to solution. When the Pd ion from the salt encounters the ZVI particle
the Pd ion is reduced and turned to the metallic state which is then attached to the iron
surface as in equation 2.6.59 Figure 12 shows TEM EDS measurements illustrating the
type of core-shell morphology that may be generated using this type of synthesis technique.
Pd4+ + 2Fe0 → Pd0 + 2Fe2+
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( 2.6 )

Figure 12. STEM-XEDS elemental maps showing distribution of Fe (a), O (b), and Pd (c)
signals measured from a fresh Pd-nZVI particle. A color mapping overlay (d)
emphasizes the spatial distribution of various elements (red = Fe, blue = O, and green =
Pd).63 Reprinted with permission from Environmental Science & Technology, Yan 2010.
Copyright 2010 American Chemical Society.
Dechlorination in this system proceeds as a two-step process. First iron is either
corroded or oxidized to produce free hydrogen. That hydrogen then contacts the palladium,
20

where the two atoms are dissociated to form hydrogen radicals. Finally, the radicals react
with COCs to dechlorinate them. The hydrogen radical will remove the chlorine group
from the molecule and replace it.54 For the case of TCE this process is summarized in
equations 2.7 – 2.10, and illustrated in Figure 13.
Fe0 + H2 O → Fe2+ + H2 + 2OH−
Pd

Fe0 + 2H2 O �� Fe2+ + H2 ↑ +2OH−
Pd

H2 �� H • +• H

TCE + 8H • → ethane + 3H + + 3Cl−

( 2.7 )
( 2.8 )
( 2.9 )
( 2.10 )

Figure 13. Schematic of TCE dechlorination on the surface of bimetallic Fe/Pd
nanoparticle.54 Reprinted with permission from Applied Catalysis B, He 2008. Copyright
2008 Elsevier.
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There are many variables to consider which govern the effectiveness of these
nanoparticles for dechlorination. Nanoparticle size and Pd loading are two of the most
important considerations.64 As shown in Figure 14, If the Pd loading is too great, Fe
corrosion will proceed slowly or not at all. This in turn reduces the amount of hydrogen
available, limiting a key component of the hydrodechlorination reaction. Of course, if there
is very little Pd, the catalyst active sites become the limiting factor for dechlorination. An
optimal Pd loading can then be found which is typically less than 5 wt. % Pd.

Figure 14. Measured rate constants for the degradation of TCE by Pd/Fe bimetallic
particles as a function of the palladium content. Initial TCE concentration was 120 mg/L
and nanoparticle loading was 5 g/L.15 Reprinted with permission from Applied Catalysis
B, Lien 2007. Copyright 2007 Elsevier.
Fe/Pd nanoparticles have further built-in limitations.

Agglomeration of the

nanoparticles occurs frequently as a result of their high surface energy. This results in
reduced surface area and a corresponding reduction in reactivity. One solution to this
problem is to stabilize the particles with an additional compound such as starch65 and
CMC54 to reduce agglomeration. This helps to preserve the increased surface area of the
particles and improves long term dechlorination performance over unstabilized particles.
22

A further complication for this system is the limited lifespan of the nanoparticles.
Fe is corroded or oxidized as part of the dechlorination reaction as in equation 2.7. This
means that eventually there will be no more metallic Fe left in the nanoparticle to generate
hydrogen for dechlorination. Extensive iron oxide formation may also result in blockage
of the Pd active sites.62,63 A marked drop-off in dechlorination performance of bimetallic
particles aged 24 hours in water compared to unaged particles is shown in Figure 15. Two
separate types of regeneration techniques were tried. The first, a wash with HCl to remove
surface oxides, showed partial restoration of original reactivity.

While the second,

treatment with NaBH4, a strong reducing agent, showed a complete return of reactivity to
the nanoparticles.

Figure 15. Dechlorination of a model COC (124TCB) with fresh, aged, and regenerated
0.1% Pd/Fe.62 Reprinted with permission from Environmental Science & Technology, Zhu
2007. Copyright 2007 American Chemical Society.
A few different techniques have been tested in order to apply these nanoparticles to
actual remediation of contaminated sites. Direct injection of bimetallic nanoparticles into
contaminated aquifers42,66 has shown positive results for COC degradation in a contained
area. More study is required to fully analyze the viability of this technique, however, as
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geologic conditions and challenges of nanoparticle aggregation, interference from other
dissolved compounds in groundwater and eventual nanoparticle deactivation are
significant concerns.67 The additional concerns of long-term effects of nanoparticle
releases on human health and the environment must also be considered.
Pump and treat systems represent an alternative treatment method.

In these

applications, contaminated water is pumped up from aquifers and into a treatment system.
This system allows more control of dechlorination conditions than nanoparticle injection,
such as pre-filtration steps of groundwater.

This system allows application of

monometallic Pd nanoparticles68 as hydrogen may be supplied directly into the system
from tanks or other sources. The nanoparticles used in this system may also be subjected
to regeneration treatments, which is typically difficult to implement in aquifer injection
treatment methods.
In order to avoid issues with agglomeration and dispersion that accompany
unsupported nanoparticle use, nanoparticles have been added to membrane based treatment
systems.69-74 Membranes have the pre-existing advantage of extensive application for
water treatment systems. Additionally, with convective flow membranes can overcome
diffusional limitations to reaction rates that are often encountered in reactor systems. The
earliest study with such membranes showed 43% conversion of dichlorobiphenyl to
biphenyl with a residence time of less than 40 s.69 One synthesis technique used to produce
these reactive membranes is shown in Figure 16.
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Figure 16. Schematic for PAA coating and Fe/Pd nanoparticle synthesis in PVDF
membranes.69 Reprinted with permission from Journal of Membrane Science, Smuleac
2010. Copyright 2010. Elsevier.
A microfiltration PVDF membrane may be modified with polyacrylic acid, which
is then used for ion exchange with iron salts in solution. The salts (now incorporated into
the PAA) are then reduced with sodium borohydride. Palladium salts are added to solution
which the ZVI nanoparticles reduce as previously discussed. In the end, this process results
in bimetallic Fe/Pd nanoparticles embedded in a PAA modified PVDF membrane.
Anchoring the nanoparticles inside a membrane structure removes the environmental
concerns that accompany injection, and allows for subsequent regeneration using reducing
agents.9 These membranes have been applied to some real water systems as well and
research is ongoing.71
An added benefit of the use of the membrane support is the use of convective flow.
This allows diffusion limiting steps of the dechlorination reaction to be overcome9 as the
solutions are forced through the nanoparticle containing membrane.
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As a result,

significantly higher kobs values are found using this technique than in batch dechlorination
testing formats.9,70
2.3

Nanoporous Metals
The production of nanoporous metals through dealloying fills an important void in

the materials space. These materials possess a high surface area to volume ratio which
makes them highly functional for applications such as catalysis8,75-77, sensing78,79, the
biomedical field80-82, and fuel cell applications.83-85 A characteristic nanoporous structure
of dealloyed Ag/Au is shown in Figure 17. The ability to produce such structures through
a relatively simple dealloying method makes them strong candidates among nanomaterials
for applications due to low production costs. Furthermore, there is a wide design-space to
work in with these materials as many metals may be made into this structure.86-88 Through
variation of dealloying conditions the length scales of these structures can also be tuned
from a few nanometers all the way up to the micron scale.89-93

Figure 17. Plan-view SEM images of nanoporous gold. (a) Nanoporous gold dealloyed for
128 min in nitric acid under free corrosion conditions; (b) Nanoporous gold dealloyed for
15 min in nitric acid with an anodic potential of 1.0 V. Scale bars: 100 nm.94 Reprinted
with permission from Journal of the American Chemical Society, Xu 2007. Copyright 2007
American Chemical Society.
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2.3.1

Dealloying Techniques

The process of dealloying, also called selective dissolution, has been known and
utilized for hundreds or perhaps thousands of years among pre-Columbian natives of South
America as well as by European and Near Eastern blacksmiths before the medieval
period.95,96 While their techniques varied, generally an alloy of gold and copper or silver
was produced. The silver or copper component was removed to produce a gold rich surface
region. This was generally accomplished either by direct acid etching or oxidation of the
copper/silver by heating and then removal of the oxide. This less dense gold rich layer was
then burnished smooth to give a gold appearance to the surface of the object, a process
known as depletion gilding. The mask shown in Figure 18 is a typical example.96,97

Figure 18. Chin ornament of Chavin culture. A tumbaga ingot that was hammered into
the sheet metal for the mask was 40 percent gold, 48 percent silver and 12 percent copper.
Repeated hammering, annealing, and pickling (chemical removal of the copper oxide scale)
resulted in a surface depleted in copper. The silver in the resulting silver-gold surface layer
was then selectively etched using a corrosive paste. Finally, the remaining gold surface
layer was burnished. The method is termed depletion gilding.96,97 Reprinted with
permission from Applied Physics A, Cesareo 2013. Copyright 2013 Springer Nature.
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While the basics of dealloying have been known for a very long time, a detailed
scientific explanation of the process has been a much more recent development.
Electrochemical dealloying proceeds based off of a difference in chemical potential
between two components of an alloy in an electrolyte solution. Typically this means a
difference in electrode potential of the components, so that when a potential is applied the
alloy transitions from passive behavior in solution to selective corrosion of one component
of the alloy.98 This potential where corrosion behavior transitions from passivity to
selective corrosion is known as the “critical potential”. Free dealloying indicates a
situation where no applied potential is needed at all, one component corrodes without any
applied potential in the given solution.
When the condition of selective dissolution is reached in an alloy of suitable
composition the process of dealloying begins. An alloy consisting of a more noble element
and a less noble element is immersed in an electrolyte solution. Either a potential is
applied, or free corrosion occurs resulting in etching of the less noble element. The
remaining surface atoms of the more noble element have low coordination and thus surface
diffuse to reduce surface energy. These eventually form together into small islands. As
dealloying proceeds these islands are eventually undercut, forming a ligament
structure.7,89,99,100 This process is illustrated schematically in Figure 19.99
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Figure 19. Schematic illustrating the evolution of porosity during dealloying: (a) Less
noble (LN) elements are etched from the alloy surface, with more noble (MN) adatoms
concentrate together via surface diffusion; (b) MN adatoms concentrate into islands which
coarsen over time, a characteristic spacing (λ) is developed between these island; (c) the
second layer of alloy is selectively etched, the MN islands develop into multilayer hills;
(d) continuation of etching process,fewer NM adatoms accumulate into the islands/hills
now as they widen; (e) hills are finally undercut as dealloying proceeds through alloy
thickness; (f) as spacing between hills widens now MN adatom clusters form, pores may
bifurcate.99 Reprinted with permission from the Journal of the Electrochemical Society,
Erlebacher 2004. Copyright 2004 IOP Publishing Ltd.

The rapid corrosion of less noble atoms and the surface diffusion of the resulting
noble metal adatoms is primarily governed by two effects, diffusional effects and capillary
forces.89 The diffusional effects seen in this case are what lead to spinodal decomposition
and the characteristic length scale in the nanoporous metal, while capillary effects primarily
modify curvature of the structure and operate more slowly.101 The spinodal decomposition
with corrosion of the sample through its thickness may be modelled using the Cahn-Hilliard
equation.7,102 In Erlebacher’s modelling, the motion of the alloy-electrolyte interface is
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fully described by 3 terms; Js is the flux of the diffusing adatoms, vs is velocity of the
interface normal to the plane of the interface, and

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

which is the concentration

accumulation rate. These terms are related as in equation 2.11 as defined and with C0 as
bulk gold atom concentration and κ as local curvature. Erlebacher found good agreement
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑣𝑣𝑛𝑛 𝐶𝐶0 − 𝑣𝑣𝑛𝑛 𝜅𝜅𝜅𝜅 − ∇ ∙ 𝐽𝐽𝑠𝑠

( 2.11 )

between numerical solutions to these equations and kinetic Monte Carlo simulations.7
Further work has been done to explore these mechanisms in greater detail.103,104
Practically, there are four primary guidelines to determine if an alloy system is
suitable for dealloying to produce nanoporous structures using electrochemical methods:99
1. Significant difference in electrode potential of the pure elements
2. Composition rich in less noble component
3. Formation of single phase, homogenous alloy
4. Diffusion of more noble elements at the interface between the alloy and electrolyte
must be sufficiently fast
(1) The alloy constituents must be sufficiently different in their electrochemical
properties so that the less noble element may be selectively etched. This is typically at
least a few hundred millvolts.99 If this is not the case the alloy may undergo general
corrosion rather than selective corrosion and no ordered porosity may be generated. (2) It
is necessary for alloys to be rich in their less noble component or the surface may be
passivated completely disallowing corrosion or inhibiting porosity formation.

The

composition of more noble element, above which dealloying does not occur, is known as
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the “parting limit” for a system. (3) Multi-phase materials may be dealloyed105, but often
exhibit multiscale pore structures as different phase dealloy at different rates. (4) Surface
atoms of the more noble element must diffuse quickly enough to form the seeds of
ligaments.

Surface diffusivity of adatoms depends on many variables but is most

dependent on the more noble element itself, and the properties of the electrolyte. This
variable has a strong effect on ligament size, and is affected by temperature as some studies
have used their advantage.106
Differences in material properties other than electrode potential and corrosion
behavior may also be used to initiate dealloying behavior. Melting point and vapor
pressure have both been used as differentiating factors for metallic melt dealloying107-110
and vapor phase dealloying80,111-113 respectively. This flexibility in driving force as well
as the wide variety of materials systems that dealloying has been applied to illustrates the
versatility of this general approach.

2.3.2 Nanoporous Metal Structures

The preceding discussion in section 2.3.1 has explained the mechanisms underlying
the dealloying process and demonstrated its versatility and robustness. So far, however,
only a brief discussion has been given to the actual structures generated using the process.
Nanoporous metals are essentially metallic sponges, consisting of interconnected
ligaments. A wide variety of materials have been produced in this format from noble
metals like gold,114 iridium,115 and palladium87,90, to copper,116 all the way to reactive
materials such as tantalum,113 and tin.117 Figure 20 gives a snapshot of the wide application
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dealloying has found to various metal systems.101 These nanostructured metals were
produced from various alloys and through different dealloying procedures, but their
structures share the same pore-ligament makeup.

Figure 20. Survey of nanoporous metals development for various materials systems via
electrochemical (blue) or liquid metal dealloying (orange and purple); (faded elements) are
either gases at standard conditions for temperature and pressure, highly reactive with
atmospheric oxygen, or have no stable isotopes.101 Reprinted with permission from the
MRS Bulletin, McCue 2018. Copyright 2018 Cambridge University Press.
Surface electron microscopy is a routine technique used to characterize these
structures and may be found in almost every study on nanoporous metals referenced here.
Some studies have gone further in order to understand the nanoporous structure using
tomography techniques.118 These studies reconstruct the nanoporous gold structure in 3
dimensions allowing improved statistics and structural analysis. For a gold structure with
characteristic ligament size of ~7.5 nm, surface area was calculated to be ~12 m2/g.118
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Broad area sampling techniques such as neutron scattering or small angle x-ray scattering92
also offer ways to gather data about statistically significant portions of the structure
quickly.

2.3.3

Nanoporous Metals as Catalysts

Porous metals produced through etching processes have found applications as
catalysts for over one hundred years since at least the invention of Rainey nickel.119-121
Nanoporous metal production through dealloying is a further refinement of this field,
producing porous metal structures with small characteristic sizes. A number of studies have
been performed investigating the implementation of this class of materials to both
electrocatalysis79,122-124 and traditional catalysis8,94,125-129 applications.
As with most nanoporous metals work, some of the most interesting studies have
been done with nanoporous gold. These studies specifically investigated gold catalyzed
oxidation. While bulk gold is typically incapable of initiating these reactions, gold
nanoparticles 2 -5 nm in size have been found to effectively catalyze oxidation.130-132
Nanoporous gold was found to catalyze selective oxidative coupling of methanol to methyl
formate with over 97% selectivity.130 Catalytic oxidation of CO to CO2 with nanoporous
gold has also been studied and shown to be quite effective.131,132

Oxidation of

organosilanes with water was also found to be catalyzed using a similar nanoporous gold
system.133
These studies show that nanoporous gold exhibits a similar activity towards
catalyzing oxidation reactions as gold nanoparticles on oxide supports. However, the gold
33

nanoparticles have smaller characteristic lengths.8 Fujita et al. attempted to understand this
incongruity by studying the structure of nanoporous gold through high resolution
transmission electron microscopy. A few representative images of the high magnification
images of nanoporous gold structure are shown as Figure 21.8

Figure 21. STEM image of nanoporous gold as viewed along [001]. a) The labelled
squares indicate the areas further characterized by HAADF-STEM. b) HAADF-STEM
image of a high-index (310) plane with atomic kinks. c) Concave (100) plane area with
flat terraces and atomic kinks. d) Concave (110) plane with a non-level edge. Inset shows
a color-enhanced image of the area in the dashed rectangle.8 Reprinted with permission
from the Nature Materials, Fujita 2012. Copyright 2012 Springer Nature.
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Fujita et al. reported that the highly curved structured of nanoporous gold led to a
high prevalence of atomic steps and kinks within surface steps. As part of that structure
there is a high number of low coordination atomic sites on the surface. This is important
to high catalytic activity because low-coordination atoms interact more strongly with
molecules. This is due to a modified electronic structure locally resulting in local up-shift
and narrowing of the d-band.134 To simplify, beyond surface area specific considerations
nanoporous gold is so active compared to nanoparticles because its surface area is densely
packed with active sites. The activity of this specific system (nanoporous gold) therefore,
is primarily a property of the structure and indicates other nanoporous metals will likely be
highly active as catalysts as well.
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CHAPTER 3. MATERIALS & METHODS
3.1

Materials
The membrane materials used in these studies were all commercially available

water filtration membranes. Two types of membranes were primarily used. Hydrophilized
microfiltration membranes available from Millipore with large pore size and no backing
layer (Durapore 0.1 µm PVDF Membrane Lot: R6HA34218). The other membrane type
used was an ultrafiltration polysulfone membrane available from Solecta membrane. Two
rolls of membrane were used of this membrane, with very slightly different properties. The
first roll will be denoted as “Batch A” and the second roll will be denoted as “Batch B”.
Batch A was used for experiments with the Fe/Pd alloy system, and Batch B was used for
work with the Mg/Pd alloy system. Some development was also performed using tracketch polycarbonate membranes (Millipore) and polyethersulfone (PES) ultrafiltration
membrane from Solecta. Additional depositions were performed onto <100> oriented
single crystal silicon wafers (Virginia Semiconductor) for alloy development and X-ray
diffraction experiments.
All depositions were performed in an ORION magnetron sputtering system (AJA
International) with argon working gas (American Welding Gas Ultra-High Purity). All
targets used were acquired from AJA International, Mg (99.95+% pure), Fe (99% pure),
Pd (99.98% pure), and Ta (99% pure). For dealloying procedures, DI water was used for
dilutions as well as sulfuric acid (Fisher Scientific Lot: 53143).
For rejection studies, dextran compounds tagged with dye were used for easier
analysis. Blue dye tagged dextran was used for 5 kDa (Sigma Lot BCBS3284) and 10kDa
(Sigma BCBT6139) weights. Dextran tagged with FITC and TRITC were used for 40 kDa
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(Chondrex 180209, WA) and 70 kDa (Chondrex 180229, WA) weights, respectively.
Sucrose (Fisher Lot 136421) was used for a lower end test at 342 Da.
Dechlorination performance of the npMTFCs was tested using PCB-1 (Ultra
Science RPC-006) as a model chlorinated organic compound. Trichloroethylene (TCE)
dechlorination was also tested using an 80/20 water to ethanol solution at a concentration
of 30 ppm TCE (Aldrich HA00250AA). For dilutions and extractions reagent grade or
higher ethanol and hexanes were used. For curve preparations standard solutions of PCB1 and biphenyl in hexanes were purchased from Ultra Scientific. Biphenyl d-10 (Ultra
Scientific) was used for an internal standard in curve preparation. For comparison, some
dechlorination experiments were catalyzed using commercially available palladium
decorated alumina particles with 1 wt % loading (Aldrich lot no. MKBX4178 V).

3.2

Experimental Methods
3.2.1

Magnetron Sputtering

The central thesis of this dissertation is that through the addition of thin metal films
to the surface of a polymer membrane improved separations and catalysis capabilities may
be introduced into the resulting composite. Magnetron sputtering is an ideal technique for
the production of thin films to such a demanding application. This is because sputtering
allows for deposition of metals (and many other materials) through a physical vapor
deposition process. Magnetron sputtering also allows a broad flexibility in substrate choice
for film production which is imperative, since a wide variety of substrates have been used
in the research. As an added benefit, sputtering is a commercially mature technology5
which has been applied for nearly 100 years to large systems such as roll-to-roll systems
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to produce films on a large scale.135 Early experiments of sputter deposition from thin
wires date as far back as the mid to late 1800’s with the experiments of Faraday, though
Mr. Grove first reported using glow discharges for deposition of materials. A schematic
drawing of his sputtering system is shown as Figure 22.

Figure 22. Figure 18. A schematic drawing of one of the first reported sputtering systems
produced by Mr. Grove in 1852.136 Reprinted with permission from the Philosophical
transactions of the Royal Society of London, Grove 1852. Copyright 1852 The Royal
Society (U.K.).
The physical process underlying magnetron sputtering is fairly straightforward. A
schematic of the chamber is shown in Figure 23. To begin with the entire process takes
place in a vacuum chamber, into which a working gas (typically argon) is flowed. The
target, consisting of a material to be deposited, is placed in contact with a water-cooled
cathode. A negative DC bias is applied to the cathode which creates a positively charged
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argon plasma in the region above the target. These positive ions are accelerated towards
the target and collide with its surface. This results in a momentum transfer which creates
a vapor of target atoms which accelerate away from the target surface.

Figure 23. Schematic of co-deposition of Fe/Pd film from two separate targets of pure Fe
and pure Pd.

These atoms travel through the chamber until they impinge upon the substrate
surface or the chamber wall. The atoms slowly build up on the substrate surface and form
the film. The exact processes involved in film formation are varied and depend extensively
on deposition rate, working pressure, and surface diffusivity of deposited adatoms which
is highly dependent on substrate temperature.137-140 Figure 24 gives an illustration of the
deposition and coalescence of single atoms on the substrate surface which results in film
formation.141 Sputtered films are often highly textured with columnar grain structures.
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Figure 24. Schematic diagram illustrating fundamental growth processes controlling
microstructural evolution: nucleation, island growth, impingement
and coalescence of islands, grain coarsening, formation of polycrystalline
islands and channels, development of a continuous structure, and film
growth.141 Reprinted with permission from the Journal of Vacuum Science & Technology
A, Petrov 2003. Copyright 2003 AIP Publishing.
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Figure 25. Photograph of the ORION magnetron sputtering system used to produce the
films in these studies.

The details of the plasma physics involved in these processes can grow quite
complex to model from base principals. The most important process for our application,
however, is an understanding of film growth rate and the variables that affect it. To this
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end, an estimate for film growth rate is given by equation 3.1; where 𝐺𝐺̇ is film growth rate
(cm/s), 𝒫𝒫�𝑑𝑑 is discharge power-density (W/cm2), < 𝑥𝑥𝑡𝑡ℎ > is the average distance from the

cathode sputtered atoms travel before they are thermalized, g is the cathode-anode gap

distance, ρ is the atomic density (atoms/cm3), γe is the Townsend secondary-electron
emission coefficient and E is the average sputtering energy (~ 1 keV).142,143
𝑐𝑐𝑐𝑐
𝐺𝐺̇ � � ≈
𝑠𝑠

𝒫𝒫�𝑑𝑑 <𝑥𝑥𝑡𝑡ℎ >
𝑔𝑔𝑔𝑔(1+𝛾𝛾𝑒𝑒 )𝐸𝐸

( 3.1 )

A number of useful experimental relations can be realized from careful examination
of this equation. Most importantly among these is the direct proportionality between the
discharge power density and the deposition rate. This is very convenient for lab use, as the
power applied to the cathode is directly controlled by setting the power supply. In this way
the deposition rate may be increased or decreased as needed, largely independent of other
factors. Most of the other variables are largely material dependent. < 𝑥𝑥𝑡𝑡ℎ > bears further
consideration as it accounts for the distance in the chamber a deposited atom ejected from

the target travels before losing its directional momentum due to gas collisions within the
chamber.142 This is related to average scattering length inside the chamber, and thus to
working pressure. Lower working pressure mitigates reduction in deposition rate due to
such collisions.
By sputtering from two target materials at the same time while rotating the
substrate, an alloy film may be deposited of a single composition and thickness (refer to
chamber geometry in Figure 23).

By varying the deposition rate from each target

independently (by controlling the power applied to each) the final composition of the film
may be controlled. Depositing for a known time at a specific rate allows for control of film
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thickness as well. For some specific depositions in this work, rotation was not used during
co-deposition of metals in order to create an intentionally non-uniform film with a gradient
of compositions.
One of the many “knobs to turn” to modify film properties in magnetron sputtering
is substrate bias. No bias of the substrate is required during deposition, since the deposited
atoms are propelled by a momentum transfer, not by any charge effect. However, it is still
sometimes useful to generate an RF based plasma over top of the substrate before or during
deposition. Before deposition, the RF plasma can effectively “clean” the substrate surface,
removing adsorbed gasses and increasing surface energy. Application of a bias during
sputtering can change film properties significantly, improving adhesion, modifying
residual stress, and improving step coverage.142
In order to bond materials of different types and with varying properties an
interlayer material is often used in sputtering processes. This is a film of a third material
added between the substrate and thick film that helps to bond the two disparate layers
together. An interlayer effectively creates two interfaces. In place of the single substratefilm-interface, there is now a substrate-interlayer interface and an interlayer-film interface.
In the absence of other effects, if these two interfaces are stronger than the original
substrate-film interface then adhesion will be improved.144 In our experiments the Pd films
showed poor adhesion to the polymer surfaces, so an adhesion promoting interlayer was
added. Materials such as Ti, Cr, Ta, and Nb as well as other refractory metals have been
studied in for applications as interlayers in various systems.144-148 In this work tantalum
was chosen to serve as the interlayer material. Tantalum is a refractory metal like other
common interlayer materials, with high electronegativity, and a tendency to rapidly form
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stable oxides in the presence of air. This reactivity indicates it will adhere strongly to both
polymer substrate and metal film materials. Tantalum also displays excellent corrosion
resistance which will be important as dealloying procedures are explored. While many of
the other refractories possess these properties as well, tantalum was chosen specifically due
to its high ductility which make it more suitable for use in a flexible composite compared
to metals such as Cr. Tantalum interlayers 10 nm in thickness were used to promote film
adhesion and uniformity.
Various deposition conditions were used in development and are discussed in
Chapter 4, but the optimized parameters are given here. Before use as substrates all
membranes were first soaked in water, then rinsed with IPA and air dried for cleaning
before deposition. For Fe/Pd films the substrates were cleaned for 1.5 min with an argon
plasma of 35 W at 25 mtorr before deposition. Then 10 nm of Ta was deposited followed
by 110 nm of Fe/Pd alloy (80/20 at. %). This deposition was performed at 2.5 mtorr argon
working pressure with a 5W RF substrate bias applied with rotation. Substrates for Mg/Pd
films were similarly cleaned with water and IPA rinses. Before deposition, the Mg/Pd
substrates were cleaned with an argon plasma of 10 W RF. Then 10 nm of Ta was
deposited followed by 100 nm of Mg/Pd (75/25 at. %). These depositions were performed
at 2.5 mtorr argon working pressure with 10 W RF substrate bias in an ORION magnetron
sputtering system (AJA International) Figure 25.
3.2.2

Dealloying Procedures

Dealloying procedures were developed for the two alloy systems independently.
Discussions of the process development will be given in Chapter 4 but finalized conditions
will be summarized here. All dealloying was done in glass petri dishes on a shaker table
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placed in a fume hood. Fe/Pd films were dealloyed in 25% sulfuric acid for 60 – 120
minutes under agitation. The composites were then removed from solution and rinsed and
stored in ethanol. For the Mg/Pd system dealloying proceeded in the same setup, but in DI
water for 60 minutes.
3.2.3

Film Characterization

A fundamental understanding of the processes behind sputtering and dealloying
may guide the production of composite structures, but to fully understand what is being
produced characterization of the final production is required. Some amount of information
may be gleaned with the naked eye (such as whether a film has been deposited or not), but
generally nanostructured materials are so small they cannot even be imaged with light,
even using an optical microscope. For this reason, a variety of advanced characterization
techniques, such as electron microscopy and X-ray based analysis are required to fully
understand the material being produced.
3.2.3.1 Scanning Electron Microscopy
The films and composites as a totality were imaged using scanning electron
microscopy (SEM). This technique allows for imaging of sample materials at higher
magnifications than is typically possible using optical microscopy. In short, an electron
beam is rastered across the sample surface. Electrons are either produced through elastic
scattering of incident electrons through a strong interaction with atom (back-scattered
electrons) or inelastic scattering which causes emission of lower energy electrons from the
sample (secondary electrons). These electrons are collected via a detector and assembled
into a grayscale image. Most of the imaging shown in this work is of secondary electrons
45

which give the majority of topographical contrast.

Back-scattered electrons show

significant intensity variation with atomic z, making them useful to identify regions of
different compositions.149
SEM is the workhorse technique applied in this study to characterize the structure
of the films and composites. A few different SEMs were employed in the course of this
research. Some preliminary imaging was performed for the FePd system using a Zeiss
EVO MA 10 SEM. A Hitachi S-4300 field emission SEM was used, as well as a FEI
Quanta 250 SEM. A FEI Helios Dual Beam Nanolab 660 was used for high resolution
imaging. The Helios system is a dual beam system which also incorporates an ion beam
into the instrument. This allows for imaging using gallium ions. More importantly, the
gallium ion beam may be used to machine samples on a nanoscale. Bombardment of
selected portions of the sample surface results in etching of the sample. This etching allows
for portions of the sample to be excavated, and the cross-section imaged.
3.2.3.2 Energy Dispersive X-ray Spectroscopy
In order to measure composition of films and composites energy dispersive X-ray
spectroscopy (EDS) was used. This technique, typically performed inside an SEM, uses
an electron beam to excite X-ray emission from a target material. When an incoming
electron collides with an inner shell electron in an atom it will transfer energy and cause
that electron to exit its normal energy state. Another electron will decay to fill the now
vacant energy level. The energy difference between the two energy levels is emitted as a
photon of a specific energy which can be measured and traced back to the energy
transition.150 When a region is targeted with an electron beam many such collisions occur
nearly simultaneously allowing quick calculation of the region’s composition based on
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emitted X-rays. The physics involved is obviously more complex see Leng 2008150 for a
more in-depth overview.
To put it simply, the X-rays emitted have a characteristic energy based on the type
of element they were emitted from based on the energy level transition. By capturing these
X-rays with a detector and analyzing the energy spectra an atomic composition of the
sampled area may be determined. The sample region which is measured by this technique
is primarily dependent upon energy and size of the incident electron beam. A few EDS
systems associated with the SEMs discussed in section 3.2.3.1 were used. The FEI Helios
Nanolab 660 system was used with Oxford EDX, as well as the Zeiss EVO MA 10 SEM
and FEI Quanta 250 SEM with attached Oxford detectors.
3.2.3.3 Ion Beam Sample Preparation
Careful sample preparation is paramount to proper TEM technique. The
use of the Helios Dual Beam system allows for TEM lamella preparation inside the SEM
using the gallium ion beam. A J-cut technique is used for this process.151 Essentially a
series of cross-sectional milling steps are performed to separate a slice of the sample from
the surrounding material on all but one side a schematic of this is shown as Figure 26. This
slice is then welded to a lift-out needle, the final slice is then thinned with the ion beam
into the final, electron transparent lamella. The lamella is welded to a copper grid and then
transferred for further analysis in the transmission electron microscope.
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Figure 26. A schematic diagram of a TEM lamella as conventionally prepared via FIB
milling. The electron transparent membrane is the section of the sample which will be
lifted out and thinned to prepare the final lamella.151 Reprinted with permission from
Micron, Giannuzzi 1999. Copyright 1999 Elsevier.

3.2.3.4 Transmission Electron Microscopy
For even higher resolution imaging than SEM can provide transmission electron
microscopy (TEM) is often the imaging technique of choice. In this arrangement a sample
is illuminated with an electron beam as with SEM. However, for TEM the electrons must
pass through the sample and be detected on the opposite side. Very thin samples known
as lamellae must be used for this technique to allow passage of the electrons through the
sample. Much higher accelerating voltages are applied to the electrons for TEM (typically
200 keV) which, combined with the small sample dimensions, allows for improved
imaging resolution.149
There are a variety of imaging modes and associated contrast mechanisms used
with TEM techniques. In traditional TEM a large portion of the sample is illuminated by
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the electron beam at one time and the beam is detected on the opposite side. Contrast in
the image is generated from variations in mass-density and through diffraction in ordered
samples.149 Furthermore, using a diffraction pattern of electrons through a crystalline
sample may be further analyzed by measuring the selected area diffraction (SAD) pattern
which gives structural information similar to X-ray diffraction.
An alternative TEM imaging mode used in this study is scanning transmission
electron diffraction (STEM).152 In this mode a much more focused electron beam is
rastered across the sample surface similar to SEM, and the forward scattered electrons are
detected. This small beam size allows for EDS measurements to be taken with high spatial
resolution. Depending on the placement of the detector (as shown in Figure 27), electrons
scattered at different angles are used to generate images. Bright field STEM imaging uses
electrons which are minimally scattered, while high-angle annular dark field (HAADF)
STEM imaging uses electrons which are scattered at large angles. As a result HAADFSTEM typically shows a high degree of atomic number or Z contrast in imaging.152
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Figure 27. Schematic showing the various detectors used in STEM. Note the variety of
detectors positioned to detect transmitted electrons which are scattered through different
angles. Only the forward-scattered electron detectors are standard.152 Reprinted with
permission from Transmission Electron Microscopy, Williams & Carter 2009. Copyright
2009 Springer Scientific.

For the Fe/Pd studies a JEOL 2010F TEM was used for high resolution imaging
and EDS compositional measurements. For the Mg/Pd composites system, an FEI Talos
F200X G2 TEM was used for imaging of this sample with Super X EDS for compositional
analysis. Careful sample preparation is imperative for clear TEM results. Lamellae in this
research were prepared using the Helios Dual beam as described in section 3.2.3.3. Once
samples were prepared, they were imaged, and their compositions were mapped using
EDS.
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3.2.3.5 X-ray Photoelectron Spectroscopy
In order to probe the surface composition of samples and to determine chemical
bonding states at that surface X-ray photoelectron spectroscopy (XPS) was employed. In
many ways XPS is the reverse of EDS analysis. Rather than in EDS where an incident
electron beam is used to generate X-rays for analysis, in XPS an X-ray beam is shone onto
a sample’s surface liberating photoelectrons which are analyzed. An X-ray beam of known
energy is used for this type of instrument. When atoms in the sample absorb a photon, if
the photon is energetic enough it may cause the emission of an inner shell electron. The
kinetic energy of this emitted electron may be measured with a hemispherical analyzer.
With knowledge of the incident X-ray energy (known for the beam generated) this allows
determination of the electron’s binding energy to the atom it was once a part of.150
The binding energy is characteristic of specific energy levels and specific z
numbers. Due to variations in charge density that accompanies chemical bonding small
shifts in binding energy can also be used to determine chemical bonding state of the sample
atoms. Using this technique atomic composition of a sample can be determined as well as
the bonding states of those atoms.
In contrast to EDS where the interaction volume is often hundreds of nanometers
into a sample, XPS is very surface sensitive. The photoelectrons used for XPS are
relatively low energy and may only escape from shallow depths (less than 10 nm). As a
result, only the very surface of a sample is characterized using this technique.150 When
coupled with an ion beam, samples may be etched in situ and multiple scans taken through
a sample’s thickness with a technique known as depth profiling. An electron flood gun
may also be used for non-conductive samples to compensate for charge that may
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accumulate as electrons exit the sample surface during analysis. In this research a Thermo
K-Alpha XPS system was used for all measurements, a sample survey spectrum is show as
Figure 28.

Figure 28. Sample survey spectrum from XPS system of surface of UF PSf membrane
surface.

3.2.3.6 Surface Charge Characterization
Much of a membrane’s performance is determined by its surface chemistry. XPS
is a useful tool to analyze surface composition, but to gain a more direct understanding of
the interaction of the polymer or film surface with water two additional techniques were
applied. Contact angle measurements were performed to give a qualitative understanding
of sample surface energy and affinity for water. In this technique, a small drop of water
was placed on the surface of a sample. Based on the angle the drop the edge of the liquid
makes with the sample surface an estimate of its affinity towards the surface may be made.
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Lower angles implies a more hydrophilic surface, higher angles a more hydrophobic
surface.153 Contact angle measurements in this work were performed using a sessile drop
technique with side imaging for angle measurement with the Contact Angle Krüss Drop
Shape Analyzer DSA-100S.
Another important property of a surface that helps govern its interaction with
liquids is its surface charge. Especially interesting is how the surface charge may affect
electrolytes as they contain ions themselves. This is important for a number of properties
of a membrane including fouling and charged based exclusion of solutes.154-157 Essentially,
when placed in an electrolyte solution an layer of ions will align at the samples surface to
counterbalance a charge that may be anchored there, this is known as the electron double
layer. When there is relative motion between the surface and the electrolyte (such as shear
flow) the zeta potential is defined as the potential at the plane of shear between them.158 It
follows that this potential is clearly dependent upon surface charge and properties of the
electrolyte.
Using a streaming potential technique158 where the electrolyte is flowed through a
channel bordered by the sample surface zeta potential may be measured as in Figure 29
using equation 3.2. In this equation Es is the induced streaming potential, ΔP is applied
hydrostatic pressure, η is electrolyte viscosity, ε is the electrolyte permittivity, ε0 is the
permittivity of free space, R is electrical resistance across the medium, L is the length of
the channel, and A is the cross-sectional of the channel. Es/ΔP is measured by the system
for an applied pressure, and electrical resistance is measured or calculated for a given
electrolyte. The other parameters are all electrolyte or geometry dependent and may be
calculated, allowing for measurement of zeta potential.
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𝜁𝜁 =

𝐸𝐸𝑠𝑠 𝜂𝜂 𝐿𝐿 1

Δ𝑃𝑃 𝜀𝜀𝜀𝜀0 𝐴𝐴 𝑅𝑅

( 3.2 )

Figure 29. Processes at the surface-electrolyte interface which show the accumulation of
the electron double layer in solution. With the application of a shear flow, charge flow
occurs and allows for zeta potential determination.158 Reprinted with permission from
Desalination, Elimelech 1994. Copyright 1994 Elsevier.

With this technique, zeta potential can inform our understanding of a material’s
surface charge at various pH levels or in various electrolytes. The streaming zeta potential
measurements performed in this study were done with an Anton Paar Zeta SurPASS
Electrokinetic analyzer for a range of pH levels using a 0.1M KCl solution as the
electrolyte.
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3.2.4

Membrane Testing

Membrane characterization is a broad topic that may encompass a variety of
techniques. Some of the methods for structural characterization such as imaging with SEM
and TEM have already been discussed. There are other techniques though, which more
closely mirror the applications membranes are developed for. Permeation based testing is
often the closest lab scale testing can come to mimicking the real-world applications
membranes will be used in. In these tests flat sheets of membranes are loaded into cells
and permeated with solvents (often water) or solutions to study the flow of water through
them and their ability to perform specific separations.
3.2.4.1 Dead End Cell Testing
Determination of membrane performance was primarily carried out by testing in a
dead-end cell format.

The experimental setup used is shown as Figure 30 and

schematically illustrated in Figure 31. In this setup, a feed solution is loaded above the
membrane sample which is a flat disc of 13.2 cm2 area supported by a porous stainless steel
disc. The cell is then sealed with rubber O-rings and filled with gas to pressurize the cell.
The pressure forces some of the feed through the membrane and up the exterior spout of
the cell where it is collected and measured gravimetrically. Along with knowledge of
density and timing this allows for calculation of water flow rate using equation 3.2 where
mperm is permeate mass, ρperm is permeate density, and Δt is the time interval. When this is
normalized with respect to membrane area a flux value may be calculated based on
equation 3.3 where 𝑉𝑉̇ is volumetric flow rate, A is membrane cross-sectional area, and Jν is

membrane flux. For a given membrane with a constant thickness which does not deform
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significantly under pressure, water flux through the membrane varies linearly with pressure
(equation 3.4).1 The proportionality constant between the two , P, is the permeability of
the membrane, Δp is the hydrostatic pressure difference, and Δπ is the difference in osmotic
pressure between feed and permeate (negligible for DI water and dilute solutions). P has

−1
𝑉𝑉̇ = 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
Δ𝑡𝑡 −1

𝐽𝐽𝜈𝜈 =

𝑉𝑉̇

𝐴𝐴

𝐽𝐽𝜈𝜈 = 𝑃𝑃 (Δ𝑝𝑝 − Δ𝜋𝜋)

( 3.2 )
( 3.3 )
( 3.4 )

units of LMH/bar and can be useful as a membrane performance metric. This testing gives
a rough idea of how “tight” or “loose” a membrane may be. It does not, however, give a
reliable pore size determination unless it is coupled with other techniques such as the
rejection studies described in section 3.2.4.3.

Figure 30. Dead end permeation cell setup in fume hood with gas tank attached.
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Figure 31. Labelled schematic of a dead end flow cell permeation setup for measuring
water flux gravimetrically.11 Reprinted with permission from Industrial & Engineering
Chemistry Research, Detisch 2018. Copyright 2018 American Chemical Society.
For all the determinations of water permeability in this work, flux was determined
for at least three different pressures. A plot of flux vs. pressure is generated and the data
is fit with a straight line through the origin. The slope given is the permeability for the
membrane. Only steady state flux data is used in these determinations. Many membranes
exhibit a “compaction phase” in flux testing where they are compressed under pressure
initially and the flux drops. Permeating water until the measured flux value plateaus to a
given value ensures the steady state flux value is attained. The initial compaction phase
for UF PSf is shown for reference as Figure 32.
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Figure 32. Results of a water flux study of PS35 "B" at 4 bar N2 pressurization. Shows
initial compaction stage of flux testing where membrane flux drops significantly.
3.2.4.2 Cross-flow Cell Testing
While dead-end cell testing is convenient for lab-scale testing, it is not the most
common membrane filtration configuration used industrially. Typically, membranes are
wound into modules and tested in a cross-flow setup. In this setup there is still a pressure
drop across the membrane resulting in permeation. The difference is that in cross-flow,
the majority of the feed passes across the membrane’s surface, with only a fraction
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permeating through. Most of the feed solution’s velocity is orthogonal to the membrane’s
surface. The cross-flow setup used in this research is shown in Figure 33.

Figure 33. Cross-flow membrane permeation testing setup showing a temperature
controlled reservoir connected to a mechanical pump and two parallel cross-flow cells.
This format has a number of benefits, such as improved fouling characteristics and
greater packing densities.1 For this reason, cross-flow is also the flow regime used when
membranes are compiled into modules for commercial applications.

It is therefore

preferable to have some testing results in this regime as the results will translate more
directly to field conditions. Cross-flow often poses additional difficulties for lab-made
membranes, as the cross-flow produces a tangential force on the surface of the membrane.
This may cause delamination or degradation of delicate surface layers often used for
separations.
3.2.4.3 Rejection Studies
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The characterization techniques discussed in section 3.2.3 are able to characterize
the structures of composites and membranes under conditions in the microscope, which is
typically dry and under vacuum. While this data is invaluable, extrapolating from the SEM
derived structure to membrane properties in application is not an exact science. For that
reason, rejection testing in dead-end and cross-flow testing formats still provides important
information as close to application as can be easily generated on a lab bench. The use of
mono-disperse marker compounds to measure rejection has been applied broadly for some
time in membrane research.22,24 For ultrafiltration membranes polysaccharides are often
the most convenient molecule with a useful range of molecular diameters that may be easily
analyzed, especially when tagged with dyes.
For the rejection studies in this work, feed solutions of dextran, polyethylene glycol
(PEG), and sucrose were separately made in DI water. These were loaded into a dead-end
cell above the membrane to be tested, which had already been characterized with
permeability testing. A fraction of the feed volume was permeated through the membrane
and the permeate and retentate were both analyzed. For dye tagged dextran and PEG
compounds concentration was analyzed using UV-vis spectrometry with either VWR UV6300PC Double Beam Spectrophotometer or a Biotek Synergy H1 Hybrid Reader against
a curve. For sucrose concentration measurement, or other untagged polysaccharides, a
total organic carbon analyzer (TOC-5000A Shimadzu) was used with a curve.
3.2.5

Dechlorination Experiments

Dechlorination performance of the nanoporous metal composites were tested using
PCB-1 and TCE solutions as model chlorinated organic compounds. For most experiments
with PCB-1, solutions of 5 ppm were used for dechlorination. For TCE dechlorination, a
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concentration of 30 ppm was set as standard. Both COC solutions were dissolved into
mixtures of DI water and ethanol prior to dechlorination to raise solubility limits and
minimize adsorption of the compounds onto the polymers. Both 80/20 and 50/50 volume
percent water/ethanol mixtures were used.
Batch and convective flow formatted dechlorination experiments were performed
using the dead-end flow cell shown in section 3.2.4. For batch format studies an aluminum
plate was placed in the bottom of the flow cell to stop any permeation through the cell. As
a result, the catalyst could be suspended inside the solution and stirred while the headspace
was pressurized with gas to drive the reaction. The cell was vented and opened for sample
collection at relevant time intervals. For convective flow dechlorination no plate was put
in place, instead the membrane loaded with catalyst was secured there and the feed was
forced through the membrane under pressure. Permeate volumes were measured for flux
measurement and reserved for subsequent analysis.
3.2.5.1 PCB Dechlorination and Analysis
For PCB degradation studies the headspace of the cell was pressurized with N2, H2,
and Ar/H2 mixtures of 95%/5% composition for various dechlorination experiments.
Water samples were taken at relevant time points and extracted into an equal volume of
hexanes. Biphenyl-d10 was added to extractions at a concentration of 10 ppm as an internal
standard. These hexane phase extracts were tested via a CP-3800 gas chromatograph (GC)
with a Varian Saturn 2200 mass spectrometer (MS) and an Agilent DB-5ms column.
Samples were tested against a standard curve with lower limit of 0.1 ppm with a verification
point tested with each run.
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3.2.5.2 TCE Dechlorination and Analysis
Trichloroethylene (TCE) dechlorination was also tested using an 80/20 water to
ethanol solution at a concentration of 30 ppm TCE (Aldrich HA00250AA). Dechlorination
was determined by measurement of chloride ion concentration in solution. Chloride
concentration was measured using a chloride ion selective electrode (Thermo Fisher
Scientific 9617BNWP) against a prepared standard curve.

For each mole of TCE

completely dechlorinated 3 moles of chloride will be formed as a byproduct. Using the
chloride concentration then, moles of TCE dechlorinated may be calculated.
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CHAPTER 4. RESEARCH OBJECTIVES
This research focuses on the development of a novel synthesis technique for the
fabrication of metallic thin film composite membranes.

These composites have

applications both for enhanced separations in solvent media and for catalysis applications.
In this study, first reliable techniques to generate the desired nanostructures on silicon
wafer substrates were developed. After this knowledge base was established, the process
was transferred to polymer membrane substrates to produce nanostructured composite
membranes. The relationship between the deposition parameters used in the sputtering
process with the deposited film structure was studied and optimized to produce ideal
composite structure. After composite synthesis was completed, the resulting structures
were characterized through electron microscopy with additional work done using
spectroscopic and other techniques.

Connections were made using this structural

information to emergent membrane properties such as permeability and rejection. The
nanoporous Pd catalyst incorporated into the composite membrane structure was tested
using chlorinated organics as model compounds in multiple flow regimes. The overall goal
was to evaluate ultrafiltration and nanofiltration as well as catalytic properties of the
nanostructured metal films on commercial ultrafiltration support membranes.
Composite Membrane Fabrication:
•

Fabricate nanoporous metal structures from Pd-based binary precursor films.


Explore and optimize both Fe/Pd and Mg/Pd precursor systems by
determining ideal precursor compositions and optimal dealloying
procedures.
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•

Deposit metallic film layers on top of polymeric membrane substrate materials.


Investigate membrane pre-treatment techniques such as plasma treatment
methods to modify the membrane’s surface chemistry.



Tune film deposition parameters (working pressure, substrate biasing, etc.)
to produce films with desired structure and minimal intrinsic stresses.

•

Incorporate nanoporous structures onto membrane substrates.


Apply dealloying technique to precursor films attached to composite
membranes. Ensure stability and minimal delamination.



Analyze resulting structure using FIB-SEM and TEM techniques. Correlate
the structures to later permeability studies.

Composite Membrane Validation and Testing:
•

Explore applicability of composite membranes for aqueous separations using water
permeation testing in dead-end and cross-flow cells.

•

Establish molecular weight cut-off range for the composites at different production
stages using dye tagged organic compounds as tracer molecules.

•

Test membranes for use and stability in organic solvent applications through
permeability testing in solvent media.

Degradation of Chlorinated Organic Compounds
•

Apply nanoporous metallic thin film composite membranes to catalytic
dechlorination of chlorinated organic compounds.

•

Test catalysis using both pure hydrogen gas and gas mixtures for improved safety
in applications and for an investigation of reaction kinetics.
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•

Degrade both PCB-1 and TCE as model compounds to ensure broader applicability
to COC degradation.

•

Compare with commercially available Pd-based catalysts for COC degradation as
a performance metric.
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CHAPTER 5. COMPOSITE MEMBRANE FABRICATION

The central thesis of this work lies in the concept that the addition of metallic thin
films to the surface of polymer membranes can add useful functionality to the resulting
composite. This chapter will cover the development of the fabrication techniques used to
produce these composite membranes. Two different types of membranes were synthesized
and tested. The addition of a metal thin film to the surface of a membrane via magnetron
sputtering results in a templated porous metal film on top of the polymer support,
designated as a metallic thin film composite (MTFC) membrane here. If a nanoporous film
is desired, an alloy precursor film can be deposited on the membrane substrate and then
dealloyed to produce the nanoporous metallic thin film composite (npMTFC) membrane
structure.

Figure 34. Schematic of processing required for production of composite membranes.11
Reprinted with permission from Industrial & Engineering Chemistry Research, Detisch
2018. Copyright 2018 American Chemical Society.
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A diagram showing the relevant steps for production of the composite membranes is
repeated here as Figure 34. Both of the primary steps illustrated, sputter deposition of films
and dealloying to produce nanoporous structures, had to be developed for each specific
alloy system and tailored to the membrane substrates. For film deposition this required an
optimization process to produce well-adhered, continuous films on polymer membrane
substrates.

These substrates had complex surface structures including porosity that

required careful thought during deposition. To produce films which could be dealloyed
while attached to the polymer membranes was an additional hurdle. In order to develop
these complex composites, the nanoporous metal systems were first fabricated on ideal,
single crystal silicon wafers. These systems were then transferred and adjusted for
fabrication onto polymer membrane surfaces.
5.1

Development of Nanoporous Metal Systems
Before a nanoporous film may be incorporated into a membrane system, an

understanding of how to generate the nanoporous film itself is needed. After this process
is refined, then the film may be fabricated as part of a membrane composite. The
fundamental processes which underly dealloying and the production of nanoporous metals
is the same for all electrochemical dealloying methods, an overview is given in section 2.3.
The four main guidelines for a development of a suitable precursor for dealloying to
produce a nanoporous metal structure were given by Erlebacher99 as:
1. Significant difference in electrode potential of the pure elements
2. Composition rich in less noble component
3. Formation of single phase, homogenous alloy
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4. Diffusion of more noble elements at the interface between the alloy and
electrolyte must be sufficiently fast
Beginning with the initial goal of generating nanoporous palladium, or nanoporous Fe/Pd
for catalysis applications, the first step in production was to identify promising alloy
systems for dealloying.
Satisfying guideline 1 was fairly simple, as Pd is a noble metal. Most non-noble
metals have a significantly lower electrode potential than the noble metals. Mg is easily
corrodible and was chosen for this reason. Fe also has a fairly low electrode potential and
readily corrodes in most acids at sufficient concentrations. Satisfying guideline 2 is also
simple for these systems, since magnetron sputtering these samples allows fine control over
composition. Guideline 3 can sometimes be more complex. To put it simply though, even
in alloy systems which may not be single phase in bulk morphologies, the nature of
sputtering and the thin film morphology of the precursor samples lead to non-equilibrium
structures for the alloys which are often single phase even when that may not be expected
otherwise. Guideline 4 is satisfied based on properties of the noble metal component (here
Pd) and the etchant. Through thoughtful selection of an etchant solution this criterion may
be satisfied.
In practice, the best way to generate a desired nanoporous metal is to first select an
alloy system to work with. The initial choice of alloy system was Fe/Pd and later study
moved on to a Mg/Pd precursor. Based on pre-existing knowledge of the precursor
components, these systems should satisfy guidelines 1 & 3 above. The next step in the
development process is determination of the parting limit. That is, the ideal composition
at which dealloying proceeds correctly to give a nanoporous structure. This selection is
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guided by guideline 2. Finally, a variety of etching conditions may be applied to tailor the
kinetics of corrosion and surface diffusion to form the desired final structure following
guideline 4. Type of etchant, concentration, temperature, and degree of agitation are all
parameters that may be tuned to generate optimal structures. This outline is the procedure
used in the development of each alloy system subsequently discussed in greater detail.
In all of the thin film dealloying development executed as part of this research, the
starting point was determination of the parting limit of for the precursor alloy. That is, the
ideal composition (or composition range) for the precursor alloy was determined. The most
efficient way to accomplish this task is deposit a gradient film.

Co-sputtering

simultaneously from two opposed sources without substrate rotation will produce a film
that is more rich in element A on the side of the film that is oriented closer to the target of
A in the chamber, and more rich in element B on the opposite side (Figure 35). The film
then covers a broad composition window. Trial dealloying may then proceed with

Figure 35. Schematic of resulting composition of gradient thin film. Given for the case of
the iron-palladium system, where Fe is the least noble precursor component and Pd is the
more noble component.
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candidate etchants and etching conditions. This will result in a gradient of resulting
structures (Figure 36), where one end (rich in noble metal) will likely be undealloyed and
the other end (rich in less noble metal) will have undergone general corrosion. Ideally,
somewhere in the middle will be a region of nanoporous metal. The precursor composition
corresponding to this region will then be used as the ideal precursor composition for the
system.

Figure 36. Schematic showing the gradient film after trial dealloying. The Pd (more noble
element) rich side will have incompletely dealloyed or remained inert and maintain a
lustrous surface. The Fe (less noble element) rich side will have undergone general
corrosion and be heavily darkened. Typically, somewhere near the transition point an ideal
structure is found corresponding to the optimal precursor composition.

5.1.1

Fe/Pd Precursor System

The first alloy system chosen for development for dechlorination studies was Fe/Pd.
While much discussion has been given to ideal selection rules for nanoporous development
in sections 2.3 & 5.1, these elements were chosen for their reactive and catalytic

70

capabilities for dechlorination of chlorinated organic compounds (COCs) as described in
section 2.2. Ideally, some Fe could be etched away to generate a nanoporous structure and
the rest preserved to act as hydrogen generator for Pd-based catalytic degradation of COCs.
As work proceeded further, it was found that removing enough Fe to generate nanoporous
structures but retaining enough Fe to drive reactions was an unmanageable balance to
strike. As a result, Fe was etched to generate a suitable nanoporous structure and H2 gas
was used to supply the reactive component of the hydrodechlorination reaction.

Figure 37. SEM study of dealloyed structures of Fe/Pd precursor gradient. Samples A, B,
and C are plan-view images of the surface of the samples after 24 hours dealloying in 12
M HCl. Compositions before and after dealloying of each area of the gradient are shown
in the fourth panel.
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To begin the development of the Fe/Pd system for production of nanoporous Pd,
gradient films of Fe/Pd alloys were deposited onto single crystal silicon wafers. A gradient
ranging from approximately 50/50 Fe/Pd composition to almost all Fe was produced to
give a wide spread of starting compositions in a range that almost certainly contains the
parting limit based on the fundamentals of dealloying. An initial guess at the best etching
conditions was made and the gradient was dealloyed and characterized via SEM to check
for the development of porous structures and Fe removal. Representative results from an
initial gradient dealloyed in 12M HCl for 24 hours are summarized in Figure 37.
SEM imaging was used to characterize the surface structures of the dealloyed films.
As expected, across the gradient it was clear that initial composition played a strong
determining role in final structure. Figure 37C displays a structure much too rich in the
more noble element. Corrosion proceeds here, but there is widespread cracking with a
large characteristic length scale. Essentially no nanoporous structure is generated from this
starting composition. The sample shown in Figure 37B is much closer to the ideal
composition, we see partial production of a nanoporous structure. There are still regions
that appear undealloyed, implying that the surface became so rich in Pd that corrosion
proceeded very slowly in these regions or stopped entirely. Finally, in Figure 37A, we see
something close to an ideal nanoporous structure. All of the porosity here shows a single,
characteristic length scale on the order of 20 nm.
EDS measurements of the same samples were used to correlate these structures to
initial compositions. Determination of final compositions of the dealloyed samples also
served as an important guide to indicate that successful dealloying had occurred. Without
even imaging the structures in SEM, EDS alone would indicate that Samples B & C were
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incompletely dealloyed due to their high amount of retained Fe alone. With insufficient
removal of Fe, the mechanism for generating porosity in the sample is limited. This does
not allow for production of the idealized nanoporous structure desired. From these
considerations Sample A was used as a starting point for further dealloying optimization,
with its precursor composition of 77 / 23 at. % Fe/Pd used as a tentative ideal precursor
composition for nanoporous palladium production. Subsequent experimentation found that
a slight enrichment in Fe content, to 80 at. % Fe led to more consistent dealloying, with
similar structure. For this reason, the 80 / 20 at. % Fe/Pd precursor composition was used
as a precursor for final fabrication, surface imaging of such a sample is shown in Figure
38. The plate-like structure of the surface corresponds to the expected columnar grain
structure of a sputtered thin film.

Figure 38. Plan-view SEM image of the surface of an as-deposited Fe/Pd film on a silicon
wafer.

73

Significantly more method development was needed before the final composite
production could begin. While 12 M HCl was used for the first dealloying runs, that is not
to say it is an ideal etchant for use in this system. Palladium is known to have susceptibility
to corrosion in HCl under specific conditions. Corrosion of the more noble component of
a precursor alloy in the etchant solution is undesirable for a few reasons. Corrosion of both
components of the systems complicates the kinetics of the dealloying process described
earlier. Based on our experiments it would seem that the corrosion rates of Fe and Pd are
different enough for dealloying to proceed fairly normally and produce a nanoporous final
structure.

From a practical perspective though, loss of the more noble element is

undesirable due to cost concerns. Nanostructured noble metal catalysts are exciting
because they can make maximal use of expensive materials. If some of the catalyst material
is lost during corrosion, the process is inherently much less efficient and more costly.
In order to address these concerns different etchants were trialed in order to replace
hydrochloric acid in this process. Solutions of nitric acid, acetic acid, sulfuric acid, and
hydrochloric acid were all used to dealloy identical deposited films with compositions near
the parting limit determined in previous studies. Some films delaminated indicating that
corrosion proceeded too quickly leading to large stresses in the film. Acetic acid etched
the films very slowly, if at all. The sulfuric acid film, however, changed from a lustrous to
a matte surface suggesting that dealloying may have taken place. This led to further
development of sulfuric acid as the primary etchant.
Studies were carried out to optimize etching conditions with solutions of sulfuric
acid. Acid concentration is an important parameter that helps to govern etch rate. A few
different strengths were used, and 25 % sulfuric acid diluted in water was determined to be
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the best. Etching proceeded more quickly using this diluted acid compared to the pure
H2SO4. Etching time is also important. It is important to etch for long enough so that a
nanoporous structure is able to develop throughout the thickness of the film. Dealloying
for longer can have a coarsening effect on the nanoporous structure, increasing ligament
size and effectively reducing surface area. This is a negative when the nanostructured
material is intended for use as a catalyst. Using the finalized dealloying conditions, Fe/Pd
precursor films were deposited onto Si wafers and dealloyed in 25% sulfuric acid for 2
hours, resulting in structures such as those seen in Figure 39. Further investigation of the
dealloyed structure will be shown in section 5.2 to better characterize the final composite.

Figure 39. Plan view image of nanoporous structure produced by dealloying an Fe/Pd
precursor film on as Si wafer substrate. 25% sulfuric acid was used as an etchant, with an
etching time of 2 hours.
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5.1.2

Mg/Pd Precursor System

In an attempt to generate nanoporous palladium structures without use of acid
etching, Mg/Pd precursor alloys were investigated as a precursor. Mg corrodes readily in
water alone making it a prime candidate for the less noble component of a precursor system
for dealloying.88 Eschewing acid etchants during dealloying has a few benefits. Most
obvious is a reduced cost and complexity barrier to commercial application. While acids
are costly and require careful use, distilled water is easy to use and dispose of.
Additionally, most acids will not damage the silicon wafers used for alloy development but
may have significant negative effects on the polymer membranes used for composite
development. Use of DI water as an etchant is universally compatible with the membrane
substrates since they are produced for applications in water treatment already.
Once magnesium was chosen as a sacrificial element in nanoporous palladium
production for these reasons a similar development process was used as was implemented
in section 5.1.1 for the Fe/Pd system. A gradient sample was produced on silicon wafer
substrates and dealloyed for an extended period of time in DI water. A clear transition
from undealloyed to dealloyed regions could be seen by the naked eye based on the lustrous
or matte surface of the film. This transition region was investigated for an optimized
structure and then reproduced in single composition samples. The Mg/Pd film was found
to dealloy easily and reproducibly in water with a wide compositional window of porosity
development. The ideal structure was found to be generated from a precursor composition
of 75/25 at. % Mg/Pd dealloyed in DI water for two hours. This generated a uniform porous
structure with small feature size as shown in Figure 40.
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Figure 40. Plan view SEM image of dealloyed single composition Mg/Pd precursor film
on Si wafer substrate. DI water was used as an etchant.
5.2

Incorporation of Metal Films into Membrane Composites
To produce the composite structures desired, both composites needed to be produced

separately in order to first understand their structures. For the nanoporous films, this meant
determining the parting limits for the precursor alloy systems, and optimization of the
dealloying parameters on silicon wafers as described in section 5.1. For the substrate
materials, since they are already commercially produced on a large scale, the optimization
was a matter of correct membrane choice.
In order to investigate the effect of film deposition of separations and flux behavior
(as well as to maximize the benefits of convective flow for catalysis) ultrafiltration (UF)
membranes were used as one type of substrate. Further characterization will be given later,
but these membranes have pore sizes of tens of nanometers and serve as backing materials
for conventional thin film composite (TFC) membranes. Specifically, UF polysulfone
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(PSf) and polyethersulfone (PES) since these materials are resistant to harsh environments
such as extreme pH and a range of organic solvents. The other membrane type used here
is microfiltration membranes made of polyvinylidene fluoride (PVDF). These membranes
are ideal for batch dechlorination studies since their large pore size (micron scale) allows
for better mixing without the aid of convective flow. The PVDF itself is also highly
resistant to damage from acids and solvents.

5.2.1

Membrane Preparation

Once substrate materials were chosen based on their pore size and resistance to acid
and solvents, the problems of thin film production and adhesion had to be considered. In
order for the polymer surface of these membranes to bond strongly with the deposited
metals (especially a non-reactive noble metal such as palladium) certain steps had to be
followed to correctly prepare the surface.
The first and most basic step is a wash of all membranes in DI water followed by
an IPA rinse and subsequent drying. This is meant to remove any surface impurities that
could interfere with bonding of the metal film to the polymer surface. For instance, many
polymer membranes are shipped with a surface coating of glycerol to prevent bacteria
growth. Without rinsing, this would be harmful to the formation of a strong interface
between polymer and metal film.
The next surface preparation involves somewhat more complex processes. Once
loaded inside of the ORION magnetron sputtering system for film deposition, substrates
were subjected to surface plasma treatment under an RF biased argon plasma. This is a
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common technique used in magnetron sputtering sample preparation as described in section
3.2.1. Essentially, this bombards the surface of the membrane substrate with low energy
argon ions.

These ions can serve to remove adsorbed gasses and modify surface

chemistry.142 Plasma treatment of membranes is a well-studied phenomenon, and has been
used to modify surface charge to inhibit fouling as well as to produce other effects.159-161
In order to better understand the effect of this surface plasma treatment, UF PSf
membranes were subjected to plasma cleaning and their properties analyzed. These results
were then compared to a pristine sample of the same type of UF PSf membrane that had
only been rinsed with water and dried as described previously. The first method of analysis
used was contact angle measurement with DI water. The modified membrane showed a
much lower contact angle of 20.7° compared to a contact angle of 72.6° in the pristine
sample (Table 1). This indicates an increased affinity for water on the membrane surface
which corresponds to an increased surface energy.
Table 1. Average contact angle measurement of membrane surface with water drop testing.
UF PSf was used rinsed with water or rinsed and plasma treated with argon plasma.10
(Detisch 2020)
Sample
Contact Angle
UF PSf Pristine

72.6 ± 2.4

UF PSf Plasma Mod

20.7 ± 3.5

To further investigate the increase of charge on the membrane surface, zeta
potential measurements were used as described in section 3.2.3.6. To summarize, the
sample is loaded into a channel and an electrolyte solution is passed across the sample’s
surface. Based on the electron double layer of the sample, a measurable streaming potential
is generated from electrolyte flow. Using this, and a resistance measurement, a value of
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surface charge can be produced. Performing this measurement over a range of pH values
gives an idea of surface charge in different solutions. Such an experiment was performed
for both plasma modified and pristine UF PSf samples as shown in Figure 41. Over the
full range of pH, the plasma modified surface showed a more negative potential than the
pristine, or rinsed, sample.

Figure 41. Zeta potential measurements of pristine UF PSf membrane (red) compared to
the membrane after argon plasma treatment (blue). Membrane surface is clearly more
negative after plasma cleaning.10 (Detisch 2020)
In order to more fully investigate the origin of this additional surface charge XPS
measurements were performed on the sample’s surface. Two different chemical shifts may
be seen in the two spectra presented as Figure 42. For Figure 42A, the carbon spectrum,
C-C bonding intensity (284.8 eV) is seen to decrease in intensity, while higher energy,
oxidized states of carbon are increased. In the sulfur region of the spectrum (Figure 42B)
the peak intensity associated with sulfur and oxygen bonding and other oxidized states of
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sulfur is seen to decrease after plasma treatment and shift to the right to carbon-sulfur
bonds.

Figure 42. XPS scans of the surface of the unaltered UF PSf membrane and the membrane
after argon plasma modification. (A) Carbon energy spectrum. (B) Sulfur energy spectrum
showing shift in chemical bonding with plasma treatment.10 (Detisch 2020)

From these experiments it is clear that the UF PSf surface was changed in
significant ways with argon plasma treatment. Surface hydrophilicity and charge was seen
to increase. XPS spectra confirm the changes taking place in surface chemical bonding
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which underly these effects. Most importantly, in the subsequent dealloying experiments
described in later sections, films deposited onto substrates which were not treated with
argon plasma prior to deposition consistently delaminated and showed poor adhesion. The
characterization done here helps to explain that phenomenon and reinforces the importance
of the cleaning argon treatment step to stability of the resulting composite structure.
5.2.2

Fe/Pd composite fabrication

Once the pretreatment of the membrane was properly understood to allow for
proper film adhesion, the composite structures of metallic thin films and polymer
membranes could be produced. This was done using the ORION magnetron sputtering
system as described generally in section 3.2.1. To summarize, the membrane is washed
with water to remove contaminants and rinsed in IPA to dry. Then it is loaded into the
ORION and treated with an argon plasma to increase surface energy and promote adhesion.
After this process, metal films may be deposited onto the treated substrate.
Without removing the membrane from the sputtering system, a metal film is then
deposited on the membrane’s surface. This composite of as-deposited metallic film and
membrane substrate will be known as a metallic thin film composite (MTFC) membrane
in proceeding discussions. Significant optimization was required to obtain ideal asdeposited structures. An in-depth discussion of this process will be given for the Mg/Pd
system in section 5.2.3. A similar process was performed for the Fe/Pd composites, with
primary concern placed on film adhesion. Under sub-optimal conditions the Fe/Pd would
delaminate from the membrane substrate during dealloying, destroying the composite.
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For Fe/Pd however, it was found that a 10 nm interlayer of tantalum deposited onto
the membrane’s surface before addition of the Fe/Pd precursor film was essential for good
adhesion through dealloying. As discussed in section 3.2.1, a 10 nm tantalum interlayer
was deposited in this system. The tantalum film shows good adhesion with the polymer
membrane surface and with the alloy film deposited later. Ta also has good ductility and
resistance to corrosion making it an excellent candidate to serve as an interlayer in this
system. After deposition of the Ta interlayer, a 110 nm thick film of Fe/Pd was deposited
onto the substrate. For both of these depositions a 5W RF bias was applied to the substrate
to help minimize intrinsic stresses in the as-deposited film. Representative as-deposited
structures are shown in Figure 43 on both MF PVDF membrane with large scale porosity
(Figure 43A) and an UF PSf membrane with pore size around 20 nm (Figure 43B).
The resulting composites show vastly different surface structures based on the
precursor pore size. This should be expected since the two membrane substrates have
major differences in pore size. The MF PVDF have micron scale pores, orders of
magnitude larger than the deposited film thickness. It should not be surprising that the film
does not span these large pores, but instead clings to and coats the polymer structure. For
the UF PSf, however, film thickness (~120 nm for Ta + Fe/Pd layers) is of the same order
as pore size. This allows the film to span the pores, at least partially, and form a more
conventional, continuous film structure. Due to the optimization of deposition parameters,
note that the films in both cases show good adhesion to the substrate, with no cracking or
flaking.
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Figure 43. SEM images in plan-view of the MTFC structure, with thin Ta layer (10 nm)
and thicker Fe/Pd film (~110 nm) on both MF PVDF (A) and UF PSf (B) membrane
substrates.11 Reprinted with permission from Industrial & Engineering Chemistry
Research, Detisch 2018. Copyright 2018 American Chemical Society.

Composite structure of the MTFC membranes was further characterized using FIB
cross-sectioning as described in section 3.2.3. Differences in the two deposited films are
again obvious in cross-section as shown in Figure 44. The darker material shown in the
images is the polymer, while the brighter regions correspond to the tantalum interlayer, the
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Fe/Pd precursor film, and to a thicker Pt pad deposited on the surface for FIB milling.
Smaller differences in brightness contrast these layers. They are also generated in the same
order moving up from the polymer surface, that is; polymer, then thin tantalum layer,
thicker Fe/Pd film, then very thick Pt protective pad.
From the cross-sectional imaging it is clear the large pores in the MF PVDF
membrane have a large effect on film formation. The pores in the MF PVDF substrate are
so large that this deposition could be thought of as a coating of the pre-existing structure
rather than the production of a thin film on top of the membrane. The porosity is so great
metal is deposited up to 1.2 µm deep inside the pore structure. This depth of penetration
of the deposited metal atoms is dependent upon the pore size of the substrate and the angle
of incidence of the metal atoms being sputtered. The small pore size of the UF PSf
membranes explains why this phenomenon is not present (or exists on a much smaller size
scale) in those composites.
An additional consideration for the MF PVDF structure is the presence of
shadowing effects on film thickness. The UF PSf membrane possesses a low roughness
compared to the film thickness as can be seen in Figure 44C. For the MF PVDF, the feature
sizes of the membrane are much larger than film thickness (Figure 44A). In addition to
this roughness, many of the features are highly curved. Figure 44B highlights a specific
feature of this type. The film is full thickness at the top of the rounded polymer strand, as
the polymer surface curves under and changes the angle between the incident metal atoms
and the surface, fewer metal atoms are deposited, and the resulting film is thinner. On the
complete underside of the strand no significant metal deposition may be observed since the
polymer above blocks any potential deposition.
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This phenomenon reinforces the

knowledge that sputtering is very much a line-of-sight process. Additionally, it must be
remembered that for MF PVDF based MTFC’s film thicknesses and loadings are therefore
average figures and not necessarily constant over the entirety of the membrane’s surface
on small scale.

Figure 44. Micrographs of MTFC Fe/Pd membranes cross-sectioned via FIB milling. (A)
Large scale view of MF PVDF MTFC membrane structure with red box indicating region
magnified in (B). (C) FIB cross-section of the UF PSf MTFC structure. Both samples
have a thick Pt pad deposited on their surface in the FIB for ion milling purposes.11
Reprinted with permission from Industrial & Engineering Chemistry Research, Detisch
2018. Copyright 2018 American Chemical Society.
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Now that stable MTFC membrane structures were fabricated successfully and
characterized, dealloying to produce the nanoporous metal structure was the next logical
step. The precursor MTFCs discussed earlier were dealloyed using 25% sulfuric acid to
selectively etch away the iron component of the film and generate the desired nanoporous
metal structures. With the completion of this process the composites consist of the preexisting polymer membrane substrate, Ta interlayer, and nanoporous Fe/Pd film attached
to the surface. This nanoporous metal thin film composite membrane will be referred to
as an npMTFC membrane. The precursor films deposited showed a composition of 80/20
at. % Fe/Pd, but after 1 to 2 hours of acid etching (depending on substrate used) the final
composition was inverted, to 20/80 at. % Fe/Pd in the nanoporous film as determined by
EDS.
For the MF PVDF npMTFC membranes, cross-sectional imaging (Figure 45)
facilitated with FIB milling shows a structure very similar to the precursor in many
respects. One obvious difference is that the film is now nanoporous, showing a small-scale
pore-ligament structure on top of the PVDF. The film coats the rough PVDF surface,
penetrating into the pore depth significantly. Shadowing effects of the film are carried
through the dealloyed structure as illustrated by Figure 45C.

Some cracking and

delamination can be seen in the resulting nanoporous film, while this is not seen for the
films prepared on silicon substrates or the UF PSf. This is likely due to the high curvature
of many regions of the MF PVDF substrate. The dealloying process generates a tensile
stress state in the film, this makes the film more likely to crack when on a curved substrate
material.162 The high porosity of the MF PVDF may also for dealloying to proceed more
quickly, increasing the magnitude of stress that is generated. The large pores likely allow
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for faster diffusion of corrosion products away from the film surface, promoting increased
corrosion rates.

Figure 45. Micrographs of the npMTFC synthesized on the MF PVDF substrate. (A) A
survey image showing the FIB cross-sectioned structure of the membrane. (B) A surface
view of the npMTFC membrane taken at 60° to show surface roughness and the porosity
of the metal film. (C) Higher magnification image of a cross-section region of the
membrane as in (A). Due to shadowing effects the film is thinner than average at this
location and only a single row of ligaments is formed. Reprinted with permission from
Industrial & Engineering Chemistry Research, Detisch 2018. Copyright 2018 American
Chemical Society.
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Composites generated using UF PSf substrate materials were produced in the same
way. These composites were characterized with FIB cross-sectioning and subsequent SEM
(Figure 46C). Using ion beam milling again, a lamella was prepared and analyzed via
TEM in HAADF-STEM imaging mode (Figure 46 A & B). In this mode, only the highly
scattered transmitted electrons are detected and used form imaging. For this reason, high
Z elements (metal film) are bright, while lower Z elements (polymer membrane) appear
darker.
The UF PSf-based npMTFCs have a structure in the thin film that corresponds
closely to structures seen on Si wafer substrates. From these images it is clear that a welldefined pore-ligament structure is adhered to the surface of the membrane’s surface. Forty
representative ligaments were measured using TEM images and an average ligament size
of 7.7 ± 2.5 nm was obtained. By observing the interface of the film and membrane in
Figure 46 A & C it is clear that the deposited film contours to fit the surface roughness of
the UF PSf. In Figure 46 C the Ta interlayer is particularly distinct from the nanoporous
Fe/Pd layer, this emphasized its importance and verifies the production of a continuous Ta
interlayer between the PSf and Fe/Pd layers. Even after undergoing the acid etching
process the film has remained well adhered to the polymer surface and shows no obvious
cracking or delamination from the substrate. It is difficult to determine from these images
how and to what degree the underlying UF pore structure from the membrane’s structure
affects film porosity. This will be investigated using water permeability studies in Chapter
6, while the catalytic properties of this membrane will be studied in Chapter 7.
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Figure 46. Cross-sectional images the Fe/Pd based npMTFC on UF PSf support. (A)
Higher magnification image of red boxed region of (B). Shows HAADF-STEM imaging
of the lamella prepared from UF PSf based npMTFC. Red arrows (A) point out a single
ligament. (C) SEM of a FIB cross-sectioned npMTFC. Demarcations: Below the blue
line is the darker UF PSf substrate material; between the green and blue lines is the
nanoporous Fe/Pd film; above the blue line is the protective Pt pad used during FIB sample
prep; approximately even with the green line the thin tantalum interlayer can be discerned.
This image (C) was taken at an angle of 52° and has a different apparent thickness than the
TEM images which were not tilted.11 Reprinted with permission from Industrial &
Engineering Chemistry Research, Detisch 2018. Copyright 2018 American Chemical
Society.
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5.2.3

Mg/Pd based composite membrane fabrication

After the Mg/Pd system had been developed for the production of nanoporous
palladium using silicon wafer substrates, this process needed to be translated on membrane
substrates to allow for composite fabrication. The discussion of membrane substrate
preparation given in section 5.2.1 applies to the substrate used here as well. For this system
care was taken to optimize deposited film structures in order to ensure the resulting
composite had useful separations properties as well as catalytic capabilities.
This was accomplished by systematically varying deposition parameters and
analyzing the resulting film structures (Figure 47). Exploring the parameter space in this
way allowed for an intentional choice of film structure which selected for the ideal pore
structure, film adhesion, and absence of film cracking. To this end a number of film
depositions were carried out using UF PSf membranes as substrates. Three different
working pressures were used for depositions, 2.5 mtorr, 5 mtorr, and 10 mtorr. Films were
also deposited at each pressure with and without an applied substrate bias of 10 W RF. A
working pressure of 2.5 mtorr is typically standard for sputtering processes using the
ORION, as it maximizes deposition rates and maintains a steady plasma. Increasing the
pressure allows for intrinsic stress in the film to be modified which affects cracking
behavior, as well as film growth patterns across the substrate porosity and roughness.
Substrate biasing modifies the same properties, tending to put the resulting film in an
increasingly compressive stress state, and promoting conformation of the deposited film to
underlying structures.
The clearest distinction between the films generated in this study and shown in
Figure 47 is the difference between the composites produced without RF biasing (A, C, &
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Figure 47. Plan view images of the composite membranes generated via deposition under
various conditions, scale bar applies to all images. Films depositions were performed at
the different working pressures with or without substrate biasing. (A) 2.5 mtorr working
pressure, no substrate bias. (B) 2.5 mtorr working pressure, 10 W RF substrate bias. (C)
5.0 mtorr working pressure, no substrate bias. (D) 5.0 mtorr working pressure, 10 W RF
substrate bias. (E) 10 mtorr working pressure, no substrate bias. (F) 10 mtorr working
pressure, 10 W RF substrate bias.10 (Detisch 2020)
E) and those deposited with a substrate bias applied during deposition (B, D, & F). It is
clear that the underlying pore structure of the UF PSf (as shown in Figure 48A) is
propagated more strongly through the film when a bias is applied. Depositions at 10 mtorr,
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though, seem to generate films which almost completely span the underlying pores. This
is an interesting phenomenon that may hold promise for both applications.

These

composites were largely unusable though, due to widespread cracking across the films
surface. The cracking likely due to intrinsic tensile stresses in the deposited metal film at
this pressure. It was determined that the film deposited at 2.5 mtorr with 10 W RF substrate
biasing showed the most promising structure. Membrane pores appear at least partially
filled or spanned by the deposited film, and no significant cracking was seen.
Once the optimal deposition parameters were determined, fabrication of the
composite membranes could proceed step-by-step. As discussed in sections 3.2.1 & 5.2.1,
the deposition of a 10 nm Ta interlayer is crucial for adhesion of the subsequent layers.
This deposition and plasma treatment seems to minimally impact the pore structure of the
composite from plan view SEM imaging (Figure 48). This resulting Ta-based MTFC with
only a thin tantalum film on the surface of the UF PSf membrane will be shown to have
interesting separations performance in Chapter 6.
After the membrane has been prepared with plasma cleaning and interlayer
deposition, the Mg/Pd film will then be deposited onto the UF PSf surface. Mg and Pd are
co-sputtered from different sputter sources while a 10 W RF bias is applied to the substrate.
SEM images of the resulting MTFC structures are shown in Figure 49. It is apparent from
the plan view image (Figure 49A) that the membrane’s pores are propagated through the
deposited film. The cross-sectional view (Figure 49B) confirms this observation by
capturing a through pore in the film as indicated by the red arrow. In both cases the film
appears to be well adhered to the underlying substrate, conforming well to the underlying
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roughness. Additionally, no significant cracking or large defects of other sorts may be
seen. This is particularly important if the membrane is to be used in separations.

Figure 48. Plan view SEM images of the precursor UF PSf surface (A) and the membrane
surface after argon plasma treatment and deposition of a 10 nm tantalum interlayer film
(B).10 (Detisch 2020)
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Figure 49. (A) Plan view micrograph of the as-deposited Mg/Pd MTFC on UF PSf
membrane substrate. (B) FIB prepared cross-section of the same MTFC. Red arrow points
to a pore in the metal film propagated from the membrane substrate.10 (Detisch 2020)
Once a well adhered metallic film of Mg/Pd was deposited onto the UF PSf with
the desired structure and composition (75/25 at. % Mg/Pd as determined in 5.1.2 using Si
substrates) the dealloying process could be performed. Due to the ready corrosion of
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magnesium in water, it was possible to generate the desired structure using DI water as an
etchant. This selectively removed magnesium from the film, resulting in a remnant
magnesium level of less than 5 at. % in the nanoporous film. The resulting structures were
analyzed in plan-view and cross-section using SEM (Figure 50).
From these images it is clear that a nanoporous structure has been produced from
the precursor films. A clear pore ligament structure is formed in the film with an average
ligament size of 4.1 ± 0.9 nm. Furthermore, it seems that a bimodal pore structure is present
in the dealloyed film. This is likely due to the porous nature of the membrane substrate.
The larger pores in the dealloyed structure are of the same size scale as the pores in the
underlying membrane. It is likely the pores in the substrate which are propagated through
the precursor films in the MTFCs are retained and perhaps even enlarged during
dealloying. The smaller pores are characteristic of the intrinsic length scale of the
nanoporous structure generated and are created wholesale during dealloying.
Another significant change is seen to occur during dealloying, film contraction.
Film thickness is significantly reduced from the precursor thickness of 100 nm down to 60
nm, a reduction of 40%. Thickness reduction is not uncommon in dealloyed materials,
approximately 70% of the initial film material is removed through corrosion, while the
remnant material rearranges to form the porous structure. The lost magnesium leaves some
empty spaces for the pores, but a portion of this volume is lost completely. Since the
deposited film is constrained by the substrate in-plane, the only volume reduction can only
occur through a thickness reduction.
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Figure 50. (A) Plan view SEM image of the nanoporous npMTFC structure on top of the
UF PSf substrate. (B) Image of FIB generated cross-section of the same npMTFC. Toward
the bottom of the cross section is the UF PSf with large pores, above this is the thin (10
nm) Ta layer, and above this is the thicker (60 nm) layer of nanoporous Pd.10 (Detisch
2020)
The nanoporous film produced here seems highly porous, but a quantitative
estimate of porosity for the structure can give a more illuminating view on film structure.
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An estimate of film porosity can be made based on a few measurements that have already
been described. Volume of the film may be calculated based on a known area of the
substrate and the precursor film thickness. With knowledge of the magnesium content of
the precursor the volume of void space in the film may be estimated. Finally, an adjustment
for film contraction is applied and film porosity is calculated. This works under the
assumption that minimal palladium is removed for the film during dealloying. Palladium
is a noble metal, and stable in water which is taken as support for this assumption. Using
this method, a porosity of 42% is calculated for the film. This level of porosity implies
that the palladium film should present minimal impediment to water flow through the
structure.
A further study of film structure was made with fabrication of a lamella using FIB
techniques for subsequent TEM analysis. The images of the composite’s cross-section are
shown in Figure 50. The HAADF-STEM imaging used gives a higher resolution view of
the nanostructure of the dealloyed palladium film. In addition, this imaging highlights how
well the deposited film is contoured to the underlying membrane roughness. There is a
clear dip or wrinkle that is filled by the deposited film. EDS mapping was used in
conjunction with imaging to produce the EDS map in the bottom half of the figure. The
map serves to elucidate the multi-layer structure of the composite. To the left of the image
lies the UF PSf membrane substrate (marked by the red sulfur signal), followed by the thin,
but continuous Ta layer (marked by the yellow signal), and finally on the surface the
nanoporous palladium (covered in the green signal).
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Figure 51. HAADF-STEM images of lamella prepared from nanoporous Pd npMTFC
membrane sample. An EDS elemental map is included showing UF PSf, tantalum, and
nanoporous Pd layers.10 (Detisch 2020)
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Working from this characterization a few conclusions about the composite
membrane may be drawn. Based on its porosity and the presence of large pores the
nanoporous palladium layer should not bear a significant resistance to flow through the
membrane. It is a reasonable conclusion, then, to suggest that the underlying structure of
the tantalum film on the UF PSf will determine flow behavior. Permeability studies and
rejection testing in Chapter 6 will further explore this hypothesis.
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CHAPTER 6. SEPARATIONS PROPERTIES OF COMPOSITE MEMBRANES
Composite structures of polymeric membrane substrates and nanostructured metallic
films have at this stage been produced and their structures characterized primarily via
imaging techniques. Membrane structure as characterized in the vacuum of an SEM may
or may not directly represent the membrane’s structure under operating conditions. For
this reason, applied testing techniques typical of the membrane field were utilized to study
membrane performance as well. Once both data sets were generated, inter-relations
between membrane structure and the permeability and separations properties of the
composites could be investigated.
A membrane is primarily defined by its resistance to solvents flow through their pore
structure, and its ability to separate solutes from those solvents. As discussed in section
2.1, resistance to solvent flow may be better described as permeability, the proportionality
constant which relates water flux to applied pressure for convective flow through a
membrane while accounting for certain geometric effects. A membrane’s separations
capability is most often summed up with a molecular weight cut-off (MWCO). This value
gives an applied estimate of pore size (in the absence of charge-based exclusion).
Experiments investigating both of these properties for both the Fe/Pd sulfuric acid
dealloying system, and the Mg/Pd DI water system were performed.
6.1

Water Permeation of Fe/Pd Composites
The Fe/Pd composites were studied in each phase of production to understand the

performance of the final composite structure, and to elucidate the role each step served in
modifying membrane structure. Due to their large pore size and high flux, the MF PVDF
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membrane-based composites were not studied for separations applications, rather all
experiments here were done using the UF PSf based composites. SEM imaging shows a
pore size of 21 ± 6 nm for this batch “A” of the UF PSf (see materials note section 3.2),
which is a more applicable size for interesting separations applications. The similarity of
pore size and deposited film thickness means that there is likely to be a significant
modification of permeability and pore size with the additions of the films on this substrate,
while properties of the MF PVDF are largely unchanged since the pores are so large.
There are three primary stages of interest in the production of these composite
membranes. These three stages which warranted testing were the unmodified, base UF PSf
membrane, the MTFC structure (UF PSf, 10 nm Ta interlayer, and Fe/Pd film), and the
dealloyed npMTFC structure (UF PSf, 10 nm Ta interlayer, and nanoporous Fe/Pd film).
The results of dead-end flow cell testing are summarized in Figure 52 and Table 2. Results
fit well with expected trends. As additional layers are added to the membrane, a reduction
in pore size and accompanying permeability drop is expected.

This is seen as the

permeability of the Fe/Pd MTFC is much lower than that of the precursor membrane.
As for the npMTFC, it is expected to be significantly more permeable to water than
the MTFC, since the Fe/Pd film has now been made porous through dealloying. That
increase in permeability was seen, as the npMTFC showed high permeability many times
that of the MTFC membrane. However, this large permeability increase went against one
expected trend. npMTFC permeability was measured to be higher than that of the UF PSf
substrate alone.
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Figure 52. Summary of water flux study of Fe/Pd composite membranes on UF PSf
substrate at various stages of production. An acid etched UF PSf was tested for comparison
with dealloyed npMTFC. Linear fits provide measurement for permeability values. All
data representative of replicate 1 (Table 2). Inset provides data for the MTFC membrane
for clarity. Reprinted with permission from Industrial & Engineering Chemistry Research,
Detisch 2018. Copyright 2018 American Chemical Society.
According to Hagen-Poiseuille’s equation (equation 2.2), it is clear that for the
addition of a surface layer to increase flux it would have to increase pore size or pore
number of the substrate material. From what is known of sputtering, and due to the low
permeability measured for the MTFC, this seems unlikely. The other possibility is that
some modification of the underlying membrane has taken place during dealloying. Since
the dealloying procedure involves submersion in 25% sulfuric acid it is reasonable to
consider that the polymer structure may be damaged or deformed in such an environment.
To test this possibility, a UF PSF membrane with no metal surface layer was submersed in
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25% sulfuric acid for one hour to mimic dealloying conditions. Permeability of the
resulting membrane was 5 – 10x higher than that of the untreated UF PSf. The membrane
is effectively “loosened” with exposure to the acid. That is to say, the effective pore size
is increased as the polymer is deformed in the acid bath. A modification of membrane
structure of this type explains the overall permeability increase, even with the addition of
metal layers to the membrane surface.
Table 2. Water permeability measurements for membrane in different stages of synthesis
and estimate pore sizes. Effective pore diameter calculations performed using replicate 1
data. Reprinted with permission from Industrial & Engineering Chemistry Research,
Detisch 2018. Copyright 2018 American Chemical Society.
Permeability (LMH/bar)
Membrane

Replicate 1

Replicate 2

Effective
pore
diameter (nm)

UF PSf

118 ± 9

148 ± 20

21 ± 6

MTFC

3±1

3±1

-

npMTFC

184 ± 15

181 ± 7

24 ± 7

1262 ± 74

31 ± 10

UF PSf after acid 543 ± 56
bath

Looking at the replicate data in Table 2 it is clear that there is significant variability
in permeabilities for all but the MTFC and npMTFC membranes. This should be expected
since there is significant variation in thickness of the selective layer of the UF PSf
membrane. The UF PSf used as a substrate is produced primarily as a base for interfacial
polymerization and production of conventional TFC membranes. The addition of this
tighter polymeric top layer allows their application to separations such as desalination and
serves to mitigate variations in substrate behavior since the tight top layer is the primary
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flow inhibitor. The lack of variability in the MTFC measurements supports the analogy of
our sputtering process to more tradition TFC synthesis techniques.
A further effort to was made to quantify the modification of membrane structure
with the addition of the thin films by relating permeability to pore size. As mentioned
previously, Hagen-Poiseuille’s equation (equation 2.2) relates membrane structure to flux
and to permeability for a given pressure. There are many additional structural terms in the
equation that complicate its application to applied membrane testing. For this case,
however, many of these terms are constant across all stages of production since the UF PSf
layer is the primary resistance to flow. For instance, membrane thickness changes by only
120 nm at a maximum, which is negligible considered against the micron-scale thickness
of the UF PSf active layer.
𝐽𝐽

𝐽𝐽0

𝑑𝑑 4

=� �
𝑑𝑑0

( 6.1 )

By taking the ratio of different stages of production, and assuming only pore size
changes significantly between stages, estimates of effective pore size may be made using
equation 6.1 where J is membrane flux, and d is pore diameter. Effective pore size of the
original membrane was determined using SEM measurements since it is known the surface
forms the selective layer. Subsequent calculations were made based on the measured
permeability measurements in order to form an idea of effective pore diameter. The MTFC
pore size was not estimated in this way, since the UF PSf was not the primary flow inhibitor
and the assumption of structural similarity with the UF PSf no longer applies. From these
calculations it is clear that acid treatment increases pore diameter of the underlying UF PSf
membrane, though the addition of a metal layer to the surface seems to partially protect the
membrane structure.
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These experiments indicate the addition of metal films to the polymer membrane’s
surface do modify pore size in meaningful ways. However, for the Fe/Pd system the
etching process required for successful dealloying is too aggressive to preserve the reduced
pore size generated by sputter deposition. It was this reason which led to investigation of
the Mg/Pd composite system. In which a nanoporous layer could be synthesized on the
membrane’s surface using only water, eliminating the possibility of damage to the MTFC’s
separations capabilities during dealloying.
6.2

Membrane Testing of Mg/Pd Composite Membranes
In order to address the problem of membrane degradation in harsh dealloying

conditions associated with iron etching, a new nanoporous system was developed using
magnesium as the sacrificial element. Details may be found in sections 5.1.2 and 5.2, but
most importantly magnesium may be etched using only water which ensures the underlying
polymer substrate is undamaged during dealloying. With this issue addressed more
extensive testing could be performed using this composite system, including rejection
testing to probe pore size using marker molecules of various sizes. The importance of the
tantalum interlayer to flux and rejection properties will be explored here as well. UF PSf
membrane substrates were used for these studies as they were previously. Since the pore
size of these membranes is similar to the deposited film thicknesses, these composites are
likely to be most heavily modified by film modifications.
6.2.1

Water Permeation of Mg/Pd Composites

To confirm that the problem of substrate degradation during dealloying had been
addressed through use of a milder dealloying method, permeability studies were performed
for the Mg/Pd composite system. Several different membranes were tested at each stage
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of production, with fluxes measured at various applied pressures and fit to determine
permeabilities, results are shown as Figure 53. Unlike for the Fe/Pd composite system, the
Mg/Pd precursor MTFC could not be tested for water permeability. This is because the
Mg/Pd alloy is unstable in water. Dealloying would have begun spontaneously during
permeability testing, resulting in a modified npMTFC structure. Instead, the MTFC
structure tested here consists of the base UF PSf and only the thin, 10 nm tantalum
interlayer.
Results fit generally with expected trends, with the UF PSf showing a permeability
of 168 ± 30 LMH/bar, the MTFC giving a permeability of 8.8 ± 5.3 LMH/bar, and the final
npMTFC composite showing a permeability of 9.6 ± 0.6 LMH/bar. It is expected that,
after surface plasma treatment and deposition of the tantalum film on the UF PSf to produce
the MTFC tested, the permeability of the membrane would drop. A large permeability
drop was measured for the Fe/Pd film as described in the previous section. The same
phenomenon is seen here, as permeability decreased by orders of magnitude.

The

npMTFC, however, shows a similar permeability to that of the MTFC. This follows
expected trends as well, since the dealloyed, nanoporous palladium structure added to the
surface shows a high porosity. The bimodal structure seen in SEM may further facilitate
fast fluid flow through the pore-ligament network. Based on these results it follows that
the UF PSf surface modified by the thin tantalum layer is what primarily impedes flow
both in the MTFC and the npMTFC structures tested here.
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Figure 53. Flux measurements of different membranes. (A) Three different samples of
unmodified UF PSf membrane. (B) Four MTFC membranes, consisting of UF PSf
substrate and 10 nm Ta layer. (C) Three npMTFC membrane samples, consisting of UF
PSf substrate, 10 nm Ta layer, and 60 nm nanoporous Pd film.10 (Detisch 2020)

The MTFC membrane shows a wider spread of permeabilities than the other
membranes tested here. This is likely due to minor variation in deposited tantalum film
thickness or structure. Minor differences in the quality of the chamber atmosphere or in
the surface of the tantalum target could result in a slightly different film when the deposited
108

structure is as thin as this 10 nm layer. Further development in processing techniques can
mitigate this issue. The subsequent production of the nanoporous palladium film on the
surface seems to reduce this variation.
The mechanism of permeability reduction here may be considered by returning to
the Hagen-Poiseuille equation (equation 2.2) which shows membrane flux is directly
proportional to applied pressure. Flux is also shown to depend upon a number of other
parameters. Flux increases with increasing pore size and increasing pore number but
decreases due to increased viscosity of the permeate or increased membrane thickness.
Viscosity and membrane thickness are essentially constant across the membrane sample
tests, as the deposited film thickness is small when compared to overall membrane
thickness. This leaves pore size and pore number to account for the flux reduction shown
between the UF PSf and the MTFC. Considering our knowledge of the sputtering process
it seems likely that some of the tantalum film penetrates the pore mouth, reducing effective
pore size.

Pore number could be somewhat reduced if some very small pores are

completely blocked. Rejection studies performed in section 2.2 will further clarify pore
size of the UF PSf, MTFC, and npMTFC membranes.
These permeability measurements indicate that the nanoporous palladium layer
participates minimally in fluid flow mechanics. Furthermore, it seems likely that pore size
of the substrate membrane is reduced through the addition of the tantalum layer used for
MTFC production. This should lower molecular weight cut-off for the membrane making
it applicable to separations of small molecules than the substrate alone. The ability to
utilize these improved properties make the MTFC an interesting candidate for further
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testing, since it exhibits similar flow studies as the npMTFC without the expense and
complexity of nanoporous palladium production.

Figure 54. Results of cross-flow water permeability study of two different UF PSf based
MTFC membranes.10 (Detisch 2020)
In order to further test the viability of the MTFC membrane for applied separations,
and to confirm permeability measurements made in the dead-end cell, cross-flow testing
of the membrane was performed. As described in section 3.2.4.2, cross-flow testing uses
tangential flow of the feed solution across the membrane’s surface accompanied by a
pressure drop across the membrane to perform separations. This format is used in most
industrial membrane processes and carries a variety of advantages from a process
perspective. Furthermore, it allows the use of modules which pack large membrane areas
into a small footprint.
Due to the tangential flow used in cross-flow separations the process can be more
demanding of the membrane, especially its surface. The shear forces generated by the flow
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of liquid can cause damage and delamination in composite membranes. To test potential
applicability and stability of the composites two samples of MTFC membranes were placed
into the lab cross-flow cell and tested for over 24 hours at a few pressures. Stable fluxes
were measured over this time indicated the films were well adhered and undamaged by the
shear flow of water. Permeabilities of 11.2 LMH/bar and 5.6 LMH/bar were measured for
the two samples, in a similar range as those measured in dead-end cell testing. This shows
the membranes are durable enough for separations applications, indicating further
experiments investigating rejection properties are warranted.
6.2.2

Rejection Properties of Mg/Pd Composites

Permeability measurements may be used to give a qualitative idea of how “tight”
or “loose” a membrane’s structure is, but to fully understand its rejection characteristics
more study is needed. These studies are typically rejection studies, where a series of
solutions with solutes of known size are passed through the membrane.

The feed,

permeate, and retentate concentrations of the solute are all analyzed, and rejection can be
calculated using equation 2.1 as described in section 2.1.1. A membrane’s molecular
weight cut-off (MWCO) is the smallest molecule for which the membrane gives a rejection
value of 90%, this value is typically used to give an idea of a membrane’s suitability for
application to a specific type of separation.
Rejection studies of this type were carried out on the pristine UF PSf membrane,
the MTFC, and the npMTFC. A variety of solutions were used as marker molecules.
Solutions of various molecular weight of dye-tagged dextran were used, as well as sucrose
to test small molecule separations. All solutions were water based and performed using a
dead-end flow cell under nitrogen pressurization at 4 bar. Results are plotted in Figure 55
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and summarized in detail in Table 3.

Analysis of the sample concentration was

accomplished using UV-vis spectroscopy for the dye-tagged dextrans and Total Organic
Carbon analyzer for sucrose.

Figure 55. Results of rejection studies of aqueous solutions of different molecular weights
of dextran and sucrose under 4 bar nitrogen pressurization. Diameters of the dissolved
molecules are listed in the key.10 (Detisch 2020)
All of the membranes show significant rejection for the largest dextran molecule
used in the study. Rejection values for the unmodified UF PSf membrane dropped
precipitously as molecular weight decreased, while the MTFC and npMTFC performed
well until the smallest molecule was tested. As such, the MWCO for the UF PSf was
determined to be approximately 70 kDa, while the MTFC and npMTFC showed a MWCO
of below 5 kDa dextran. The MWCO drops significantly between the UF PSf membrane
and the MTFC, while the rejection behavior changes very little between the MTFC and
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npMTFC. This is consistent with the permeability study which showed a major change in
flux between the UF PSf and the MTFC and npMTFC. The data supports the previous
hypothesis that the tantalum layer added to the surface of the UF PSf serves as the primary
flow resistance and significantly modifies the pore size of the composite membrane.
Table 3. Summary of rejection values of UF PSf, Ta based MTFC, and np Pd npMTFC.
Dextran molecules of different weights and sucrose were tested. All separations were
performed at 4 bar with N2 pressurization.10 (Detisch 2020)
Molecule

MW

(Da)

Diameter
(nm)

% Rejection

UF PSf

MTFC

npMTFC

Dextran

70000

19.2

86 ± 3%

97 ± 3%

96 ± 3%

Dextran

40000

15.0

44 ± 4%

95 ± 3%

97 ± 3%

Dextran

10000

8.2

42 ± 5%

93 ± 4%

100 ± 3%

Dextran

5000

6.0

25 ± 6%

100 ± 4%

100 ± 3%

Sucrose

342

1.0

-

20 ± 5%

40 ± 4%

Rejection of molecules of known weights is convenient for lab use, but in order to
relate rejection values to material structure the weight of the molecule must be related to a
size in solution. This size is most often given as hydrodynamic radius. A relation between
molecular weight of dextran, MW, and the hydrodynamic radius, rp, is taken from
literature21 as equation 6.2.

The hydrodynamic radius of sucrose is taken from

measurements in the literature.163 These radii are doubled and tabulated as diameter of the
molecule in Table 3.
𝑟𝑟𝑝𝑝 = 0.488 𝑀𝑀𝑊𝑊 0.437

( 6.2 )

The changes in molecular exclusion based on size of the solute molecules gives an
idea of the effective size of the membrane pores. While SEM images in Chapter 5 do not
show a large reduction in pore size with the addition of the tantalum film, rejection studies
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performed here tell a different story.

Tantalum deposited by magnetron sputtering

impinges upon the UF PSf substrate at an angle. Due to this, some amount of tantalum is
likely to be deposited inside the pore mouth. Analogous to what was seen in the MF Fe/Pd
composites, but on a much smaller size. This could effectively reduce overall pore size. It
is probable that since this metal is deposited inside the mouth, not on the surface, that it
could be difficult to detect via plan-view SEM imaging. Rejection of molecules with these
small diameters proves that the MTFC is a stable membrane, with few possible cracks or
defects.
This study has reinforced the previous conclusion that the UF PSf based MTFC has
promise as a membrane for separations applications. The plasma treatment and deposition
of a 10 nm tantalum film has been shown to significantly lower MWCO and effective pore
diameter of the membrane. This reduction in MWCO and effective pore diameter is now
preserved through the dealloying process and the synthesis of a nanoporous network on the
surface of the composite membrane.
6.3

Application of MTFC Membranes for Organic Solvent Separations
This type of metal-polymer membrane could be applied to a wide variety of

separations with molecules in the relevant size range. Of particular interest, though are
separations which take place in non-aqueous media such as organic solvents. These
composites are promising for this application in particular because the surface layer of
metal which acts as the selective layer is highly resistant to damage from solvents in a way
that polymer-based films are typically not.
Many polymers membranes will swell or degrade in solvents, significantly
changing rejection properties as well as permeability. If a membrane is structurally
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unchanged by solvent permeation, the only different in permeability will be a change in
viscosity from water to the solvent as shown in Hagen-Poiseuille’s equation (equation 2.2).
In order to test the stability of the UF PSf with tantalum thin film MTFC membrane in a
model organic solvent a series of permeability experiments were performed. Water flux
was measured in a dead-end cell, then permeability was measured with isopropanol (IPA),
with two complete cycles from water to IPA performed in total. Results of this study are
shown as Figure 56.

Figure 56. Permeability study of UF PSf based MTFC membrane with 10 nm Ta film on
the surface.10 (Detisch 2020)
These studies support the hypothesis that the MTFC will function well for
separations in solvent media. The membrane shows no significant change between
permeability for water and permeability for IPA once the correction for viscosity has been
applied. After the first run with water, there is a slight increase in permeability for the
initial IPA run but during subsequent runs a steady state condition is reached. The average
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steady state water flux for the membrane was 43 LMH at 4 bar, while the average IPA flux
at the same pressure was only 21 LMH. The viscosity of IPA is 2.2 times the viscosity of
water at 25°C, so the difference of fluxes by approximately a factor of 2 is correct for flow
through the membrane with no change or pore size or general structure.
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CHAPTER 7. CATALYTIC PERFORMANCE OF MEMBRANES
The motivation for developing npMTFC membranes is to combine the high reactivity
of the nanoporous metal structure and the favorable reaction kinetics that may be harnessed
using the convective flow mode of membrane permeation. This combination of traits
makes these composites exciting for a number of catalysis applications, in this work they
will be applied to a problem well known to the membrane world, water treatment. As
discussed in section 2.2, chlorinated organic compounds (COCs) are a class of industrial
pollutant dangerous to human health that has entered groundwater sites around the country.
Conventional treatments are costly and still require long-term storage solutions for these
toxic compounds.

Catalyst based treatments using hydro-dechlorination techniques

typically based on palladium catalysts are being investigated as a next generation treatment
method. The palladium catalyst can initiate dissociation of the two hydrogen atoms in
diatomic hydrogen to produce hydrogen radicals. These radicals are highly reactive and
can then remove and replace the chlorine group in the chlorinated compound, producing
less toxic compounds and chloride ions.32,35-37 By incorporating nanostructured palladium
into composite membranes, a new option for treatment of COC contaminated waters has
been synthesized.

Subsequent experiments will investigate the application of these

composites to this problem.
7.1

Commercial Alumina Batch Dechlorination
Before the nanoporous metal catalysts synthesized as part of this research were

tested, a comparison point was needed with a commercially available catalyst. The catalyst
chosen was a typical metal oxide particle supported palladium catalyst purchased from a
major supplier. This catalyst consists mostly of alumina particles as the support with 1%
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weight loading of palladium on the particle surface. The hydrogen needed to drive the
hydrodechlorination reaction catalyzed by the palladium (described in detail in section 2.2)
is provided by pressurizing the headspace of a dead-end cell with hydrogen gas. For batch
format dechlorination an aluminum blank is placed in the cell to stop any permeation of
solution. Dissolved hydrogen concentration in solution may be calculated using Henry’s
law, given as equation 7.1 where Hcp is the Henry solubility taken from literature164, ca is
the dissolved species concentration (here H2 concentration in the aqueous phase), and p is
the applied hydrogen pressure.
𝐻𝐻 𝑐𝑐𝑐𝑐 𝑝𝑝 = 𝑐𝑐𝑎𝑎

( 7.1 )

Figure 57. Batch dechlorination of PCB-1 by commercial alumina supported palladium
catalyst with Pd loading in solution of 6.6 mg/L. 1 bar H2 pressure was used. Two solid
data points show control results of a similar experiment with initial PCB-1 and biphenyl in
solution, but without catalyst to check for loss due to evaporation. Reprinted with
permission from Industrial & Engineering Chemistry Research, Detisch 2018. Copyright
2018 American Chemical Society.
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The cell was pressurized with 1 bar H2 gas (resulting in 1.5 ppm dissolved H2) and
run for 30 minutes. Samples were taken at relevant time points from the batch reactor,
extracted into hexanes, and analyzed using GCMS. The results of this batch dechlorination
experiment (plotted in Figure 57) show that the commercially available catalyst promotes
the dechlorination reaction as expected. With the removal of its lone chlorine group, PCB1 is converted to biphenyl effectively. Beginning with an initial concentration of 2.5 ppm
PCB-1 in water, the concentration of PCB-1 is reduced to below 90% of its initial value in
only 15 minutes.
Biphenyl concentration increases correspondingly, but plateaus before reaching
90%, showing an imperfect molar balance. In other words, some PCB-1 or biphenyl is
leaving the system. This could occur through either evaporation from solution (the reactor
had to be opened for sampling purposes) or adsorption of the species onto surfaces such as
the reactor wall or the alumina particles themselves. To account for this, a control
experiment was run where a solution containing both PCB-1 and biphenyl was added to
the reactor and pressurized without the presence of any catalyst. After 30 minutes the
concentration of species in solution was compared to those of the feed solution. Both had
dropped by about 20%, indicating that some mass of relevant compounds is present in this
experimental setup which can account for the incomplete mass balance found in the
dechlorination experiment.
7.2

Fe/Pd Composites for Dechlorination
Now that a baseline of performance has been determined, and the experimental

design validated using a known catalyst as described in section 7.1, investigation of
dechlorination using the novel catalytic composites synthesized in this study may be
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undertaken. The Fe/Pd based npMTFC system was first studied for its ability to catalyze
dechlorination of PCB-1. While there is about 20% remnant iron in the nanoporous
structure in these composites, this amount is too small to be used for hydrogen production
as is often the case with bimetallic nanoparticles. For this reason, hydrogen was supplied
by pressurizing the headspace with hydrogen gas as in section 7.1. Both batch and
convection format studies were performed, using composites fabricated on MF PVDF and
UF PSf substrate materials.
7.2.1

Fe/Pd Composites for Batch Dechlorination

To begin studying the activity of the npMTFC membranes for catalytic
dechlorination, batch format testing was carried out similar to those performed with the
commercially available palladium catalysts. For all of these batch tests MF PVDF based
composites were used as catalysts. This was done because the MF PVDF membrane was
supplied without backing material and the PVDF surface had been hydrophilized by the
manufacturer. These two properties worked to reduce the problem of adsorption of PCB1 and biphenyl to the membrane surface, which could otherwise complicate analysis.
Furthermore, the large pore size and rough surface of the MF membranes allow for
improved diffusion of reactants to the catalyst’s surface.
To test these membranes in a batch mode, the membrane was cut into small squares
and suspended in solution. They were added to a solution of 2.5 ppm PCB-1 and
pressurized with pure H2 gas at 1 bar as with the alumina palladium catalyst. Three
different npMTFC membranes were tested in this way. Results of this experiment are
plotted in Figure 58.
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Figure 58. Dechlorination results of PCB-1 by MF PVDF based palladium npMTFC.
Initial PCB-1 concentration of 2.5 ppm with 1 bar H2 pressurization, and a palladium
loading of 6.6 mg/L. Reprinted with permission from Industrial & Engineering Chemistry
Research, Detisch 2018. Copyright 2018 American Chemical Society.
Concentration of PCB-1 is steadily reduced while biphenyl concentration is
increased for 30 minutes. After 30 minutes 94% of the initial PCB-1 concentration is
removed from solution on average, with 18% of that initial concentration detected as
biphenyl in the final sample. Comparing this result to the commercial catalyst for a similar
loading, shows that the npMTFC compares comparably, but dechlorinates a bit more
slowly. PCB-1 removal is only 82% at 15 minutes into the run for the npMTFC, compared
to over 90% removal for the commercial catalyst. This could be due to better mixing for
the small particles compared to the npMTFC coupons used here, but further comparative
studies would be required to fully explain exact causes of the variation.
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It is obvious that the molar balance for this experiment deteriorates as it proceeds.
The biphenyl produced and the PCB-1 remaining in solution should ideally equal the initial
PCB-1 concentration on a molar basis. This is not the case, as at 30 minutes 94% PCB-1
has been removed from solution, but only 18 % of the initial PCB-1 concentration is
detected as biphenyl in solution. The most likely candidates for loss of reactants or
products in this system are adsorption and evaporation. Adsorption of compounds to the
polymer membrane surface was accounted for by extracting the membrane into 20 mL of
hexanes at the end of the dechlorination experiment. The hexanes were analyzed with
GC/MS. On average 9% of the initial PCB-1 was found to have adsorbed to the surface of
the membrane. Of the initial PCB-1 molar content, 12% was found to have been converted
to biphenyl and subsequently adsorbed to the membrane surface. In total, 20% of the initial
PCB-1 content is eventually adsorbed to the membrane, either as PCB-1 or after conversion
to biphenyl. The rest of the initial PCB-1 that is still unaccounted for is assumed to have
either adsorbed so strongly to the membrane that it cannot be extracted or to have
evaporated, as biphenyl especially is semi-volatile. While the biphenyl loss makes rate
calculation difficult, it is beyond doubt that the npMTFC successfully dechlorinated PCB1 to generated biphenyl. After 30 minutes the concentration of PCB-1 in solution was also
similarly reduced under the same operating conditions.
7.2.2

Fe/Pd Composites for Convective Dechlorination

While it is encouraging to see the npMTFC perform comparably to commercial
catalysts in batch testing, the true promise of these composites is the ability to flow
solutions requiring treatment through the membrane. Convective flow of this type helps
to overcome the restrictions on reactions rates which arise due to diffusional limitations.
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To further explore this promise, Fe/Pd based npMTFCs fabricated on top of UF PSf
substrates were tested using a convective flow format. To minimize adsorption issues
encountered with the UF PSf membrane, the PCB-1 was dissolved into a 50/50 mixture of
water to ethanol and made at an increased concentration of 5 ppm. The headspace was
pressurized with hydrogen gas and the feed solution was permeated through the membrane.
The permeate was collected, sampled, and permeated twice more through the membrane
to further degrade PCB-1. The results of these tests are tabulated in Table 4.
Table 4. Multiple pass permeation dechlorination of PCB-1 with UF PSf npMTFC. Initial
PCB-1 concentration of 5 ppm, with all subsequent measurements normalized to that
concentration. Pass 0 gives initial concentration. Reprinted with permission from
Industrial & Engineering Chemistry Research, Detisch 2018. Copyright 2018 American
Chemical Society.
Pass
PCB-1
Biphenyl
0

1.00 ± 0.03

<0.02

1

0.72 ± 0.03

0.07 ± 0.05

2

0.57 ± 0.02

0.11 ± 0.05

3

0.43 ± 0.02

0.14 ± 0.05

The first pass through the membrane proceeded with a flux of 75 LMH, while the
next two runs were performed with a flux of 120 LMH. Even at these high fluxes,
significant degradation of PCB-1 was detected. For the first pass, 28% of PCB-1 was
removed from solution, with 15% and 14% removed in each of the next two runs
respectively. Biphenyl concentration increased somewhat after each run, but the problem
of biphenyl loss encountered in batch testing was encountered here as well. Extraction of
the membrane after these runs accounted for only 2% of the total PCB-1 concentration. It
is reasonable to hypothesize then, that evaporation is a much more significant problem in
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this testing format than was seen in batch testing. This is reasonable, since the pressure
drop across the membrane is significant and may result in flashing of hydrogen and PCB1 from solution once that solution has crossed to the low-pressure side.
Even with the damage to the npMTFC that was caused by dealloying in sulfuric
acid, the UF PSf npMTFC was found to be effective for PCB-1 degradation in convective
flow. High flux experiments in this format still showed significant dechlorination, of 28%
in a single pass with continued dechlorination in subsequent passes. A tighter membrane
structure giving lower fluxes will likely improve dechlorination performance due to
increased residence times as well as the use of higher pressure for greater dissolved
hydrogen concentrations.

The Mg/Pd UF PSf composite system holds promise for

improvement in these areas, further testing of these properties will be discussed in section
7.3.
7.3

Mg/Pd Composites for Dechlorination
In an effort to improve upon results obtained from the Fe/Pd composite system, the

Mg/Pd synthesis route was developed to produce npMTFCs with a tighter structure. To
this end UF PSf substrates were used as supports for subsequent production of composites
with nanoporous palladium. Additional measures were taken to modify experimental
design and execution, resulting in improved mass balances in the catalysis runs. Both batch
format and convective flow studies using these composite membranes for PCB-1
degradation will be discussed. Further exploration of dechlorination parameters will also
be discussed, including the expansion of the catalyst to other COCs and using dilute
hydrogen gas mixtures for safety and to ease application.
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7.3.1

Mg/Pd Composites for Batch Dechlorination

To begin the investigation of Mg/Pd derived nanoporous palladium as a catalyst for
PCB-1 dechlorination a series of batch mode experiments were performed. To address
some of the adsorption issues encountered with previous experiments in the Fe/Pd system,
the nanoporous palladium used for these experiments was prepared using a modified
synthesis technique. Nanoporous Pd was intentionally delaminated from the UF PSf
support so that its catalytic performance could be studied without the adsorption effects of
the UF PSf membrane.

This was accomplished through the deposition of a pure

magnesium film on top of the tantalum interlayer, then deposition of the Mg/Pd alloy film.
During dealloying, the desired nanoporous structure was still developed, but the
magnesium layer between the UF PSf coated in tantalum and the developing nanoporous
Pd layer was also corroded. This released the nanoporous palladium from the membrane
support, allowing it to be added to batch tests unsupported.
Once the unsupported nanoporous palladium catalyst was synthesized it was added
to a 5 ppm PCB-1 solution in a 50/50 water/ethanol solvent for dechlorination studies. The
headspace of the blanked off cell was pressurized with 4 bar of hydrogen gas, resulting in
a dissolved hydrogen concentration of 6.2 ppm according to Henry’s law164. This amount
of hydrogen is an excess, as each mole of hydrogen may dechlorinate 2 moles of PCB-1 if
completely utilized. Thus, if it were completely utilized a concentration of less than 50
ppb H2 would be adequate to completely dechlorinate the solution. Additionally, as
hydrogen is consumed by the reaction, more hydrogen is able to diffuse in form the
headspace.
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Figure 59. Batch dechlorination of PCB-1 with delaminated nanoporous palladium films.
Various loading of catalyst was used to dechlorinate PCB-1 with 4 bar H2 headspace
pressurization.10 (Detisch 2020)
A series of dechlorination studies were performed with different loadings of the
catalyst in the cell. Results for these dechlorination studies sampled at relevant time points
are plotted in Figure 59. As is expected, for all loadings the concentration of PCB-1
decreased while the amount of biphenyl in solution increased. Increased catalyst loadings
correspondingly resulted faster dechlorination. The high loading run (Figure 59 right)
shows the improved mass balance that was measured using this new batch testing format.
This indicates very little PCB-1 or biphenyl was lost to adsorption or evaporation. As a
result, this study should give much more reliable information about the reaction rate than
those measured previously for the Fe/Pd composite system.
The hydrodechlorination of PCB-1 by palladium may be modeled with a pseudofirst order reaction equation64 given here as equation 7.2. Where C is the concentration of
PCB-1, t is time in hours, and kobs is the measured reaction rate in hr-1. The linear portion
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of each individual dechlorination run was fit to determine a reaction rate for each loading.
These rates were then normalized with respect to catalyst loading and averaged to give a
loading specific reaction rate constant, km = 2.5 ± 0.7 L min-1g-1.
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶

( 7.2 )

In comparing this measured value of dechlorination reaction rate to other systems
studied in literature we find reasonable relations. Direct comparisons of Pd catalysts are
difficult to make because of varying supports and compounds used for testing. Here, we
provide some rate comparisons with other Pd-based catalyst studies reported in the
literature. In a batch phase study using alumina supported Pd for degradation of 4chlorobiphenyl the researchers report a pseudo first order reaction rate of km = 47.8 ± 0.005
L min-1g-1 once normalized for Pd loading only.165 This is higher than the nanoporous
palladium catalyst tested here. The presence of a support structure such as alumina likely
helps with dechlorination rates in the batch format shown here. No support for the
nanoporous Pd structure means agglomeration of the material is likely to occur, reducing
its surface area and consequently reaction rates. This variation in reaction rates highlights
the need for the membrane support structure as an integral part of the composite in
subsequent dechlorination experiments.
Studies using bimetallic Fe/Pd nanoparticles to promote dechlorination of PCBs
show reaction rates closer to the range found in batch tests of this stduy.9,70 In these test
hydrogen in not suppled directly, but is generated by the nanoparticles themselves through
corrosion reactions with the surrounding water. Both Islam et al. and Wan et al. evaluated
PCB 126 dechlorination with bimetallic nanoparticles. After normalizing with respect to
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Pd loading, Islam et al. report a loading normalized reaction rate constant as a range
depending on nanoparticle properties from 2.67 to 3.33 L min-1g-1. Wan et al. report a
similar constant of 3.97 L min-1g-1. These values are also similar to the value of km = 2.5
± 0.7 L min-1g-1 reported in this work. Based on these comparisons, it is clear that the
nanoporous palladium derived via dealloying of a Mg/Pd precursor film is effective as a
dechlorination catalyst. Performance is broadly comparable to other nanostructures in this
research area. Intrinsic reaction rates (in the absence of diffusion effects) as a function of
Pd content are needed for direct comparisons.
7.3.2

Mg/Pd Composites for Convection Dechlorination

Once the viability of the nanoporous palladium catalyst had been proven without a
support in batch testing, the next logical step was to investigate performance of the
npMTFC as a whole under convective flow. npMTFCs based on UF PSf supports were
used for all of these experiments and loaded into dead-end permeation cells. The same
solutions of 5 ppm PCB-1 in 50/50 water/ethanol mixtures were used as feed solutions for
dechlorination.
For the first permeation run, the headspace was pressurized with nitrogen for a
control run.

Subsequently hydrogen was used at various pressures to drive the

dechlorination reaction. Results for this series of experiments are shown in Figure 60.
These runs were performed in sequence. As expected, the nitrogen control run showed no
biphenyl production. A significant amount of PCB-1 is lost due to initial adsorption, after
a certain volume of solution is passed, however, adsorption ceases to be a major impact as
the mass balance is close to 90% after the first run. At both 4 bar and 8 bar similar
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dechlorination performance was measured, with 72% PCB-1 removal from the permeate
with 60 and 65% of the initial PCB-1 concentration measured as biphenyl respectively.
In the retentate solutions of the same runs, some dechlorination was seen but much
less than for the permeate. This is to be expected, some dechlorination will proceed before
the solution permeates the membrane as the feed solution is in contact with the catalytically
active membrane surface. The much greater dechlorination in the permeate shows that the
membrane structure is important to the viability of this catalyst system, as the solution
subject to convective flow through the membrane has undergone much more dechlorination
than the retentate which only contacted a bed of catalyst. The mass balance seen in the
retentate is always near 100%, this reinforces the hypotheses that the lost PCB-1 is
adsorbed to the membrane’s polymer surfaces. For the initial nitrogen run, mass balance
is only 66% for the permeate, but is near 100% for the retentate.

Figure 60. Results of convective flow dechlorination of PCB-1 by Mg/Pd based npMTFC
on UF PSf substrate. Both permeate concentrations (left) and retentate concentrations
(right) were measured. Runs were performed in sequence.10 (Detisch 2020)
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Experiments with pure hydrogen gas hold great value for the investigation of
catalysis kinetics and for laboratory validation. However, in application working with pure
hydrogen gas has a significant cost as well as safety concerns. For this reason (and to
access a different regime of dissolved H2 concentration and applied pressure)
dechlorination experiments using a gas mixture of 5/95 hydrogen/argon gas. This mix is
below the flammability limit of hydrogen and therefore carries less risk of fire or explosion
with its use.

Figure 61. Results of convective flow dechlorination of PCB-1 by Mg/Pd based npMTFC
on UF PSf substrate. Both permeate concentrations (left) and retentate concentrations
(right) were measured. Runs were performed in sequence using various pressures of 5/95
hydrogen/argon gas mixture.10 (Detisch 2020)

A similar series of experiments were performed using pressurization with the dilute
hydrogen gas mixture. Three dechlorination runs were performed in sequence with the
5/95 H2/Ar mixture used to pressurize the headspace for each run at different pressures.
Significant degradation of PCB-1 is seen for all runs, despite the now reduced availability
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of hydrogen in solution. When using the gas mixture, only the hydrogen partial pressure
contributes to the dissolved hydrogen concentration in these solutions. This means that
dissolved hydrogen concentration was only 1.3 and 2.1 ppm for 17.2 and 27.6 bar runs
respectively. The higher pressures resulted in high fluxes, meaning the solutions contacted
the catalysts for short times. This is obvious in the retentate concentrations, which show
only 10-20 % dechlorination, much less than was seen for the pure hydrogen runs. Some
amount of dechlorination still proceeded on the npMTFC’s surface, but due to lower
hydrogen availability and shorter run times dechlorination was significantly reduce in the
retentate.
Dechlorination in the permeate also decreased compared to pure hydrogen results,
but still showed encouraging results for such demanding conditions. Residence time for
these runs was particularly low, 4 ms and 2 ms for the 17.2 and 27.6 bar runs respectively.
Residence time measures how long the solution actually spends inside of the reactor, longer
times lead to greater conversion while shorter residence times will generally reduce
conversion. The residence time calculated here is very low due to the thinness of the
catalytic portion of the membrane. The catalytic structure is only 60 nm thick, therefore
the solution spends only a very short time in contact with it during convective flow. To
achieve about 50% dechlorination with these ultra-short residence times highlights how
active the nanoporous palladium structure is as a catalyst.
Disentangling the influences of retention time and dissolved hydrogen
concentration on dechlorination performance for the membranes in a convective flow
format is a complex task. Typically, increased residence time and increased dissolved
hydrogen availability would both serve to increase dechlorination performance. However,
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these two variables are themselves linked.

A higher applied pressure will increase

dissolved hydrogen in solution. However, a higher applied pressure to the cell headspace
will increase flux, which in turn reduces residence time. Essentially, as dissolved hydrogen
concentration increases, residence time decreases.

Figure 62. PCB-1 and biphenyl concentration in the permeate versus dissolved hydrogen
concentration in solution. Results from both pure hydrogen gas (solid symbol) and 5/95
hydrogen/argon gas (open symbol) pressurizations are included. With no dissolved
hydrogen, there was no conversion.10 (Detisch 2020)

The only way to avoid this issue is to use gas mixtures such as the 5/95
hydrogen/argon mixture to decouple total applied pressure and hydrogen partial pressure.
An additional experiment was performed using pure hydrogen at a lower pressure to match
the dissolved hydrogen concentration of the high pressure 5/95 run. This allowed direct
comparison of two runs with similar dissolve hydrogen levels, but with vastly different
residence times. The run with pure hydrogen was run at 1.4 bar pressure, while the
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experiment with 5/95 hydrogen/argon was run at 27 bar. Dechlorination results were very
similar, despite a 10-fold change in residence time. This indicates that in this pressure/flow
regime dissolved hydrogen content of the solution is the most important parameter. All of
the data is plotted with dissolved hydrogen concentration vs dechlorination in the permeate
in Figure 62. There is a clear trend of increased dechlorination with increased hydrogen
concentration, even though the trend with residence times is directly counter to that
relation.
In order to further prove the broad applicability of these palladium npMTFCs to
COC degradation, TCE dechlorination was studied.

PCB-1 has served as a model

compound for the entire class of COCs, so it is worthwhile to exhibit the utility of these
catalysts to another compound of that same class. TCE was chosen for this purpose due to
the presence of a wide body of literature in its dechlorination as well as the ease of analysis
provided through chloride probe measurements. Each mole of TCE which is completely
dechlorinated will generate 3 moles of chlorine in solution. Combined with the high
solubility of TCE in water, this meant chloride concentration in water would be high
enough in the permeate to allow for calculation of the amount of TCE dechlorinated, where
100% dechlorination corresponds to an increase in chloride concentration equal to three
times the TCE concentration of the feed solution.
A 30 ppm TCE solution in 80/20 water/ethanol solvent was used as a feed for
convective flow dechlorination. After a control run with nitrogen, hydrogen gas was
applied to the headspace at 4 and 8 bar. This corresponded to dissolved hydrogen
concentrations of 6.2 ppm and 12.3 ppm. As expected, the trade-off in retention time was
produced here as well, with a residence time of 2.8 ms for the 8 bar run and 4.8 ms for the
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4 bar experiment. The dechlorination results of the permeate are shown in Figure 63. As
expected, there was no significant dechlorination in the control run. For the two hydrogen
pressurized runs though, significant dechlorination was detected. At 4 bar hydrogen
pressure 58% of the total TCE was dechlorinated in the permeate, while at 8 bar only 45%
was dechlorinated. For both cases significant levels of TCE were found to be dechlorinated
despite the very short residence time associated with the catalytic structure.

Figure 63. Dechlorination of TCE in permeate as determined by chloride probe
measurements.10 (Detisch 2020)
This convective flow dechlorination of TCE compares favorably to results reported in
literature for a packed column reactor.166 The column was packed with 0.5 g of catalyst as
a 1 % Pd on alumina catalyst. A 3.5 ppm solution of TCE was transported through the
column under hydrogen pressure resulting in 2 ppm dissolved H2 concentration in solution.
Under these conditions, the conversion of TCE was reported to be 40% or below after
permeation of the reactor with a retention time of 4.3 min. While conditions in their system
varied from those used for TCE dechlorination using the npMTFC system in this work, it
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is clear that the composite membrane catalyst promotes dechlorination of TCE much more
quickly than the packed bed catalyst used in column reactor study. This is despite the
orders of magnitude smaller retention time used for the membrane system (milliseconds vs
minutes).
Overall, the Mg/Pd precursor system for npMTFC production has shown to produce
membranes which effectively dechlorinate two types of COCs using convective flow. The
membranes functioned well for a number of runs and maintained stability over that time.
Both pure and dilute hydrogen gas have been used as feed gasses and the catalysis
proceeded well with both options, allowing flexibility for application of the process.
Significant degradation results even with the low residence time used in these tests
reinforces the excellence of the nanoporous metallic structure for catalysis and highlights
the synergistic effect the high surface area catalyst may create when combine with
convective flow membrane processes.
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CHAPTER 8. CONCLUSION
In this work, the synthesis of a novel type of composite membrane has been developed
and optimized. Research began with initial fabrication of the metallic films, proceeded
with synthesis of composites through their incorporation onto polymer membrane
substrates, and continued through subsequent optimization steps to produce the final
nanostructured composites. These composites were then characterized and tested for their
properties both in separations and for catalysis. It was found that with the addition of metal
thin films, the composite membrane’s separations properties were significantly improved.
Furthermore, the membranes were stable under permeation of organic solvent as proven
by IPA studies. Finally, the npMTFCs were tested for catalytic dechlorination of model
COCs including PCB-1 and were found to be very effective in convective flow modes
despite the very low residence time of solutions in the system.
8.1

Key Advances to Science and Engineering
•

Two nanoporous metal systems were developed for production of nanoporous
Fe/Pd films from Fe/Pd binary alloys as well as nanoporous Pd from Mg/Pd
precursor films.

•

Polymer membranes were modified through the addition of metallic thin films via
magnetron sputtering to produce stable composite membrane structures.
Deposition parameters were optimized to ensure proper film coverage and adhesion
to the polymer membrane substrate.

•

In was determined that the addition of a metallic thin film as thin as 10 nm modified
effective pore size of the membranes significantly. This was determined by water
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permeability experiments with water as well as rejection studies. Stability of the
composites in organic solvents was studied through IPA flux measurements.
•

The nanoporous Pd composite membranes were found to be effective for promoting
catalysis.

Under convective flow with hydrogen gas pressurization, rapid

dechlorination of COCs such as PCB-1 was measured with very low residence
times.
8.2

Specific Accomplishments/Conclusions
8.2.1
•

Composite Membrane Fabrication

A method for modification of membrane surfaces with an argon plasma treatment
was developed to increased film adhesion. XPS, contact angle measurements, and
zeta potential measurements all confirmed that exposure of the membrane surface
to argon plasma served to modify chemical bonding at the surface, resulting in
increasingly negative surface charge and an increase in hydrophilicity.

•

A novel dealloying technique was developed for the production of nanoporous
Fe/Pd structures. Fe/Pd alloy films of 80/20 at. % Fe/Pd were sputtered and
subsequently dealloyed in 25% sulfuric acid mixtures.

This resulted in a

nanoporous Fe/Pd film with 20/80 at. % Fe/Pd and a characteristic ligament size of
7.7 ± 2.5 nm.
•

An additional synthesis technique was developed to produce nanoporous palladium
using only water for etching. For this purpose, a precursor alloy film of 75/25 at.
% Mg/Pd was deposited. This film was then dealloyed in deionized water to
remove the Mg component. A pure (< 5 at% Mg) palladium nanoporous structure
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was generated from this dealloying procedure with characteristic ligament size of
4.1 ± 0.9 nm.
•

Deposition procedures for the deposition of continuous alloy films as well as
tantalum thin films were developed. This involved the optimization of a number of
deposition parameters, such as working pressure, substrate biasing, plasma pretreatment of the substrate, and film thickness. Primary goals were the minimization
of intrinsic stresses in deposited films, as well as increased film adhesion to the
polymer substrates.

•

The composite structures were verified and further characterized at each stage of
fabrication via electron microscopy. This includes machining of surfaces via FIB
milling to image cross-sections and produce lamella for later TEM analysis.

8.2.2
•

Membrane Studies

A series of dead-end cell permeability experiments were performed on the
composites at different stages of fabrication in the Fe/Pd system. It was found that
the addition of 110 nm of Fe/Pd film drastically reduced membrane permeability
from 118 LMH/bar to 3 LMH/bar. Acid etching during dealloying raised the
permeability to above that of even the initial substrate. This simultaneously implied
that the nanoporous layer is highly porous meaning it is open to water flow, and
that the UF PSf substrate was damaged by the acidic dealloying environment.

•

The MTFC consisting of the UF PSf membrane substrate and a 10 nm Ta film was
studied for applicability in separations. It was proven that even with the addition
of only a 10 nm Ta film, permeability of the membrane dropped from 168 LMH/bar
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to 8.8 LMH/bar. MWCO correspondingly drops from around 70 kDa dextran for
the UF PSf to 5 kDa dextran for the MTFC. Membrane stability was further tested
under cross-flow permeation, films remained well adhered suggesting strong
adhesion of the tantalum film to the substrate.
•

Further studies tested the Ta MTFC applications as a solvent resistant membrane.
A cycle of permeation experiments with DI water and IPA were performed to test
for membrane stability in harsh environments. After correcting for viscosity, the
permeability of both solutions through the membrane were equal. This means the
pore structure was not deformed by the presence of the solvent, indicating this type
of composite is promising for separations in organics.

•

The Mg/Pd derived npMTFC was also tested for permeability, to ensure the
dealloying in DI water did not disturb the UF PSf substrate and check for reduction
in flow due to the nanoporous layer. The permeability of the npMTFC was not
significantly different from the Ta MTFC by which it is supported (9.6 LMH/bar
and 8.8 LMH/bar respectively). This indicates the underlying Ta MTFC structure
is the primary restriction to flow and that it is undamaged by dealloying. Rejection
studies further show that the improved selectivity of the MTFC is maintained after
the addition of the nanoporous palladium layer.
8.2.3

•

Catalysis Studies

MF PVDF supported nanoporous Fe/Pd was applied to batch phase dechlorination
of PCB-1 under hydrogen pressurization at 1 bar. It performed comparably to
commercially available alumina supported palladium for dechlorination removing
approximately 90% of PCB-1 from solution in 30 minutes.
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•

The Fe/Pd npMTFC supported by the UF PSf membrane was applied to PCB-1
dechlorination under convective flow pressurized by hydrogen. After three passes
57% of PCB-1 was removed from solution and biphenyl was generated. Further
refinement was needed, but these results were promising and indicated the
composites warranted further testing.

•

Nanoporous palladium derived from Mg/Pd precursor alloys were intentionally
delaminated from their supports and used for batch dechlorination studies of PCB1.

Reaction rate constants were determined for the experiments at different

loadings and normalized with respect to mass to give kmass = 1.3 ± 0.3 hr-1mg-1.
•

Mg/Pd derived npMTFCs on UF PSf supports were also tested for convective flow
dechlorination. With hydrogen gas pressurization 72% PCB-1 was degraded in
solution in a single pass. TCE degradation was also tested in this system and
showed 58% by chloride analysis at 4 bar H2 pressure.

•

Hydrogen gas is essential to the dechlorination reaction but may pose cost and
safety issues for application in the field. For this reason, dilute mixtures of
hydrogen gas in argon (5% hydrogen) were used to pressurize headspace in
convective flow dechlorination. For these studies, higher pressures of 17.2 bar and
27.6 bar were used resulting in approximately 50% PCB-1 degradation in permeate
of a 5 ppm solution of PCB-1.

8.3

Overall Science and Engineering Advancements
•

Two novel alloy systems and dealloying techniques were developed for synthesis
of nanoporous palladium structures.
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•

The parameter space for magnetron sputtering of metal thin films onto polymeric
membrane substrates was mapped and developed. Connections between deposition
parameters and resulting film structures were made.

•

The film deposition study was used to synthesize new types of composite
membranes consisting of well-adhered metallic thin films on the surface of porous
polymer membrane substrates.

•

The deposition of thin films on top of polymer membrane substrates was found to
decrease pore size significantly as shown by permeability and rejection studies.
The resulting composite is stable under permeation in organic solvents.

•

The addition of nanoporous metal thin films into membrane structures was shown
to result in highly active catalytic composite membranes. When used in convective
flow formats the resulting composites are able to overcome diffusional limitations
to reaction kinetics and promote reactions effectively despite very low residence
times.
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CHAPTER 9. FUTURE WORK
This work has focused on the development of novel nanostructured composite
membranes. Through magnetron sputtering metal films have been synthesized on the
surface of pre-existing membrane surfaces. The metal films were used both to modify
membrane rejection properties and to introduce nanoporous metal structures for catalysis.
Within this study, application of these composites to water-based separations and their
stability in solvent media such as IPA was proven. Furthermore, the nanoporous metal
composites were shown to be highly effective as catalysts for dechlorination of COCs when
supplied with hydrogen gas. These applications show two important potential applications
and illustrate the promise that this class of composite membranes possess. However, a
wider range of studies will eventually be required to fully explore the potential of these
composite membranes.
One long-term goal for MTFC and npMTFC composite membranes is the eventual
production of membrane modules. Modules are the typical packing format for flat sheet
membranes to achieve more efficient loading and operation in commercial settings. One
of the most common, and the format to which these composites would be most easily
applied, is the spiral wound module. Spiral wound modules present a good balance of
operational benefits167 such as fouling resistance and permeation rates.

As shown

schematically in Figure 64, a flat sheet of membrane is wound around a central permeate
channel with spacers to provide channels in between layers. The feed is flowed across the
surface of the membrane, some amount permeates the membrane and is collected. There
are many fine details to membrane module production that will not be discussed here, but
some consideration should be given to properties of the composite membranes to explore
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if they may be incorporated into a module of this type. Cross-flow testing of the MTFCs
was a first step in validating their suitability towards such an application. That test showed
the tantalum film, at least, was bonded strongly enough to the substrate to withstand the
shear forces involved in this flow regime.

Figure 64. Schematic representation of a spiral wound membrane module showing flow
direction, feed and permeate channels, and spacers.167 Reprinted with permission from the
Journal of Membrane Research, Schwinge 2004. Copyright 2004 Elsevier.
One obvious consideration for the production of the spiral wound module is the
tolerance of the composite membrane to winding or bending. The two components of the
MTFC and especially the npMTFC are very dissimilar in their mechanical behavior.
Metals are less able to deform as the polymer supports, as a result the thin films deposited
on the surface of the composite membrane may crack when bent. Nanoporous metals in
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particular are generally brittle materials, as a result cracking may be most troublesome in
the npMTFC composites.
There are many different ways to study this type of mechanical behavior. However,
the simplest and most practical study may be best. Simply bending a series of identical
membranes around cylindrical rods of various radii would subject the composites to
stresses similar to those they would undergo during module production. After controlled
bending in this way, the membranes could be quickly imaged via optical microscopy to
check for obvious cracks or other defect formation. As a final check for membrane
integrity water permeability studies could then be performed on the composites, with a
model rejection of a dye tagged dextran molecule above the typical MWCO, 10 kDa
dextran for instance. This study would not require sophisticated equipment beyond a plate
reader or UV-vis system for the dye rejection analysis but would give relevant information
about the robustness of the composite membranes towards deformation. MTFC and
npMTFC membranes should be studied as separate systems as they will likely perform
very differently. The presence of the nanoporous top layer may degrade the flexibility of
the overall composite.
An additional obstacle to the application of these composite membranes is their
production on a larger scale. This means upscaling both in terms of speed of production
and in terms of membrane areas which can be produced in a single deposition. For
production of an immediate larger sample, multiple samples deposited in the ORION could
be joined together with strong adhesive tape to former a larger membrane sheet. On a
larger scale, and for a longer-term project, the answer likely lies in roll-to-roll processing.
The same process which is used to produce membranes could be applied to deposition of
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additional metallic film layers. Roll-to-roll coating systems have already been developed
and implemented for sputtering applications such as these.135
For the incorporation of nanoporous metal structures into polymeric membrane
structures, it is possible that a completely different fabrication methodology may be viable.
Rather than depositing the precursor alloy film on top of a pre-existing polymer structure,
the polymer membrane could be cast on top of the relevant alloy film or foil. Dealloying
of the precursor alloy could be coupled with the phase inversion process which would
produce the porous polymer support structure. The influence the nanoporous structure on
the formation of the polymer pore structure is likely to be complex. It is quite possible,
however, that the membrane formed as a result could have a greater porosity than is
common if the nanoporous metal structure acts as a template for precipitation of polymer
from the solvent phase. Regardless of this effect, it is likely the nanoporous metal structure
and the porous polymer layer would be somewhat intermixed, resulting in strong bonding
between the two components of the composite.
Studies of these composites for applications to application in organic solvent
filtration have been performed as part of this work, but further study is merited. In order
to perform the most useful separations, it is optimal for the effective pore size of the
composite membrane to be reduced. This means transitioning from tight UF membranes
into the nanofiltration (NF) paradigm. Interfacial polymerization is typically the method
used to coat UF membranes with an additional polymer layer to reduce effective pore size
down to this range. In these experiments producing and testing MTFCs based on 10 nm
tantalum layers, the pore size of the UF membranes was not reduced to the NF level. There
are two promising routes available to produce MTFCs with a lower effective pore size.
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One path is to experiment with thicker tantalum films, and to perhaps modify
deposition parameters so that the tantalum films grow in slightly different ways. Both of
those modifications could allow the deposited tantalum to impinge upon the pre-existing
pores more aggressively. Another sputtering parameter of note that was not altered in this
study is angle of the deposition target with the membrane. Sputtering sources in the
ORION system used in this study are placed at an angle with the substrate so that all 6
targets are confocal upon the substrate. Some other systems have a sputtering source which
is at 90° to the substrate plane. This would likely mean the deposited atoms would enter
and fill the pores much more quickly than when they are incident at an angle to the surface.
The second path is to experiment with different substrate materials. A deposited
film has been proven to reduce the pore size of the resulting composite structure. If a
membrane substrate is used with a smaller initial pore it is reasonable to hypothesize that
the pore size of the resulting composite will also be smaller. For this purpose, it will be
useful to explore other substrate materials with smaller pore sizes. To be practical, the
support will still need to have distinct pores and will likely be in the tight UF range rather
than an NF membrane itself. An NF membrane with a metallic film deposited on its surface
would likely be too resistant to flow to be of significant interest for application. Either
pathway chosen to produce composites with smaller effective pore size would open the
door to further experiments with organic solvent nanofiltration, a topic of significant
interest to the membrane community.
An additional substrate type that may bear further investigation is the inorganic
membrane. Inorganic membranes have some drawbacks compared to polymeric ones,
obviously they cannot be made into spiral wound modules, and they often have a lower
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porosity. However, especially as a support for the npMTFC membranes, for catalysis
purposes these supports may be worth investigating. The mechanical properties of the
inorganic membrane supports (typically made of metal oxides) will more closely match
those of the nanoporous metals that would be attached to their surface. These same oxide
materials used for inorganic membrane production are often also used as particulate
supports for commercial heterogenous catalysts, such as the alumina supported palladium
used here for PCB-1 degradation. The benefits of added mechanical integrity and the
robust tolerance of many inorganic membranes to a range of temperatures, pHs, and
solvents could make the resulting composites quite useful for the correct application.
There are obviously many paths forward with this line of research into metallic thin
film composite membranes. Some further research into the mechanical properties of the
composite structures which have already been produced seems warranted. Scale up
techniques should always be in mind when developing a new type of materials system for
application. However, before scale-up is tackled it would be wise to further optimize the
MTFC structure, reducing effective pore size in one of the ways discussed to further
optimize the composites for applications in organic solvent nanofiltration.

For the

npMTFC structures, further study of kinetics can clarify the interplay of the two pore
structures. Expansion of the catalysis system to other reaction systems should not be too
difficult and could illuminate other worthwhile applications. Finally, composites based on
inorganic membrane substrates could produce hardy composites capable of functioning in
even the harshest of operating conditions.

147

REFERENCES
1
2
3
4

5
6
7
8

9

10
11
12
13
14
15
16

Ho, W. & Sirkar, K. Membrane Handbook. Vol. 2 (Springer Science + Business
Media, LLC, 1992).
Baker, R. W. & Low, B. T. Gas Separation Membrane Materials: A Perspective.
Macromolecules 47, 6999-7013, doi:10.1021/ma501488s (2014).
Werber, J. R., Osuji, C. O. & Elimelech, M. Materials for next-generation
desalination
and
water
purification
membranes.
1,
16018,
doi:10.1038/natrevmats.2016.18 (2016).
Smuleac, V., Bachas, L. & Bhattacharyya, D. Aqueous – Phase Synthesis of PAA
in PVDF Membrane Pores for Nanoparticle Synthesis and Dichlorobiphenyl
Degradation.
Journal
of
membrane
science
346,
310-317,
doi:10.1016/j.memsci.2009.09.052 (2010).
Greene, J. E. Review Article: Tracing the recorded history of thin-film sputter
deposition: From the 1800s to 2017. Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 35, 05C204, doi:10.1116/1.4998940 (2017).
Marchetti, P., Jimenez Solomon, M. F., Szekely, G. & Livingston, A. G. Molecular
Separation with Organic Solvent Nanofiltration: A Critical Review. Chemical
Reviews 114, 10735-10806, doi:10.1021/cr500006j (2014).
Erlebacher, J., Aziz, M. J., Karma, A., Dimitrov, N. & Sieradzki, K. Evolution of
nanoporosity in dealloying. Nature 410, 450-453 (2001).
Fujita, T. et al. Atomic origins of the high catalytic activity of nanoporous gold.
Nature
materials
11,
775-780,
doi:http://www.nature.com/nmat/journal/v11/n9/abs/nmat3391.html#supplementa
ry-information (2012).
Wan, H., Briot, N. J., Saad, A., Ormsbee, L. & Bhattacharyya, D. Pore
functionalized PVDF membranes with in-situ synthesized metal nanoparticles:
Material characterization, and toxic organic degradation. J. Membr. Sci. 530, 147157, doi:http://dx.doi.org/10.1016/j.memsci.2017.02.021 (2017).
Detisch, M. J., Balk, T. J. & Bhattacharyya, D. Nanoporous Metal-Polymer
Composite Membranes for Organics Separations and Catalysis. Journal of
Materials Research Under Review (2020).
Detisch, M. J., Balk, T. J. & Bhattacharyya, D. Synthesis of Catalytic Nanoporous
Metallic Thin Films on Polymer Membranes. Industrial & Engineering Chemistry
Research 57, 4420-4429, doi:10.1021/acs.iecr.8b00053 (2018).
American Journal of Public Health 84 (1993).
Thomson, W. Kinetic Theory of the Dissipation of Energy. Nature 9, 441-444,
doi:10.1038/009441c0 (1874).
Pendergast, M. M. & Hoek, E. M. V. A review of water treatment membrane
nanotechnologies. Energy & Environmental Science 4, 1946-1971,
doi:10.1039/C0EE00541J (2011).
Warsinger, D. M. et al. A review of polymeric membranes and processes for
potable
water
reuse.
Prog.
Polym.
Sci.
81,
209-237,
doi:10.1016/j.progpolymsci.2018.01.004 (2018).
Barth, C., Gonçalves, M. C., Pires, A. T. N., Roeder, J. & Wolf, B. A. Asymmetric
polysulfone and polyethersulfone membranes: effects of thermodynamic
148

17

18
19

20
21

22
23

24
25
26
27
28
29
30

conditions during formation on their performance. Journal of Membrane Science
169, 287-299, doi:https://doi.org/10.1016/S0376-7388(99)00344-0 (2000).
Smolders, C. A., Reuvers, A. J., Boom, R. M. & Wienk, I. M. Microstructures in
phase-inversion membranes. Part 1. Formation of macrovoids. Journal of
Membrane
Science
73,
259-275,
doi:http://dx.doi.org/10.1016/03767388(92)80134-6 (1992).
Strathmann, H. & Kock, K. The formation mechanism of phase inversion
membranes. Desalination 21, 241-255, doi:http://dx.doi.org/10.1016/S00119164(00)88244-2 (1977).
van de Witte, P., Dijkstra, P. J., van den Berg, J. W. A. & Feijen, J. Phase separation
processes in polymer solutions in relation to membrane formation. Journal of
Membrane Science 117, 1-31, doi:http://dx.doi.org/10.1016/0376-7388(96)000889 (1996).
Werber, J. R., Osuji, C. O. & Elimelech, M. Materials for next-generation
desalination and water purification membranes. Nature Reviews Materials 1,
16018, doi:10.1038/natrevmats.2016.18 (2016).
Wickramasinghe, S. R., Bower, S. E., Chen, Z., Mukherjee, A. & Husson, S. M.
Relating the pore size distribution of ultrafiltration membranes to dextran rejection.
Journal
of
Membrane
Science
340,
1-8,
doi:https://doi.org/10.1016/j.memsci.2009.04.056 (2009).
Meireles, M., Bessieres, A., Rogissart, I., Aimar, P. & Sanchez, V. An appropriate
molecular size parameter for porous membranes calibration. Journal of Membrane
Science 103, 105-115, doi:https://doi.org/10.1016/0376-7388(94)00311-L (1995).
Mochizuki, S. & Zydney, A. L. Dextran transport through asymmetric
ultrafiltration membranes: Comparison with hydrodynamic models. Journal of
Membrane Science 68, 21-41, doi:https://doi.org/10.1016/0376-7388(92)80147-C
(1992).
Aimar, P., Meireles, M. & Sanchez, V. A contribution to the translation of retention
curves into pore size distributions for sieving membranes. Journal of Membrane
Science 54, 321-338, doi:https://doi.org/10.1016/S0376-7388(00)80618-3 (1990).
Cadotte, J. E. Interfacially Synthesized Reverse Osmosis Membrane. USA patent
4,277,344 (1981).
Lau, W. J., Ismail, A. F., Misdan, N. & Kassim, M. A. A recent progress in thin
film composite membrane: A review. Desalination 287, 190-199,
doi:10.1016/j.desal.2011.04.004 (2012).
Ghosh, A. K. & Hoek, E. M. V. Impacts of support membrane structure and
chemistry on polyamide–polysulfone interfacial composite membranes. Journal of
Membrane Science 336, 140-148, doi:10.1016/j.memsci.2009.03.024 (2009).
Van Der Bruggen, B., Geens, J. & Vandecasteele, C. Fluxes and rejections for
nanofiltration with solvent stable polymeric membranes in water, ethanol and nhexane. 57, 2511-2518, doi:10.1016/s0009-2509(02)00125-2 (2002).
Vandezande, P., Gevers, L. E. M. & Vankelecom, I. F. J. Solvent resistant
nanofiltration: separating on a molecular level. Chem. Soc. Rev. 37, 365-405,
doi:10.1039/b610848m (2008).
Székely, G., Bandarra, J., Heggie, W., Sellergren, B. & Ferreira, F. C. Organic
solvent nanofiltration: A platform for removal of genotoxins from active
149

31
32

33
34
35

36

37
38

39
40
41
42
43

pharmaceutical ingredients. Journal of Membrane Science 381, 21-33,
doi:10.1016/j.memsci.2011.07.007 (2011).
Aher, A., Cai, Y., Majumder, M. & Bhattacharyya, D. Synthesis of graphene oxide
membranes and their behavior in water and isopropanol. Carbon 116, 145-153,
doi:https://doi.org/10.1016/j.carbon.2017.01.086 (2017).
Forni, P., Prati, L. & Rossi, M. Catalytic dehydrohalogenation of polychlorinated
biphenyls Part II: Studies on a continuous process. Applied Catalysis B:
Environmental 14, 49-53, doi:http://dx.doi.org/10.1016/S0926-3373(97)00011-8
(1997).
Muftikian, R., Fernando, Q. & Korte, N. A method for the rapid dechlorination of
low molecular weight chlorinated hydrocarbons in water. Water Res. 29, 24342439, doi:http://dx.doi.org/10.1016/0043-1354(95)00102-Q (1995).
Johnson, T. L., Scherer, M. M. & Tratnyek, P. G. Kinetics of Halogenated Organic
Compound Degradation by Iron Metal. Environ. Sci. Technol. 30, 2634-2640,
doi:10.1021/es9600901 (1996).
Schüth, C. & Reinhard, M. Hydrodechlorination and hydrogenation of aromatic
compounds over palladium on alumina in hydrogen-saturated water. Applied
Catalysis B: Environmental 18, 215-221, doi:https://doi.org/10.1016/S09263373(98)00037-X (1998).
Schreier, C. G. & Reinhard, M. Catalytic hydrodehalogenation of chlorinated
ethylenes using palladium and hydrogen for the treatment of contaminated water.
Chemosphere 31, 3475-3487, doi:http://dx.doi.org/10.1016/0045-6535(95)00200R (1995).
Chaplin, B. P. et al. Critical Review of Pd-Based Catalytic Treatment of Priority
Contaminants in Water. Environ. Sci. Technol. 46, 3655-3670,
doi:10.1021/es204087q (2012).
Schüth, C., Disser, S., Schüth, F. & Reinhard, M. Tailoring catalysts for
hydrodechlorinating chlorinated hydrocarbon contaminants in groundwater.
Applied
Catalysis
B:
Environmental
28,
147-152,
doi:http://dx.doi.org/10.1016/S0926-3373(00)00171-5 (2000).
Xiao-qin, L., Elliott, D. W. & Wei-xian, Z. Zero-Valent Iron Nanoparticles for
Abatement of Environmental Pollutants: Materials and Engineering Aspects.
Critical Reviews in Solid State and Materials Sciences 31, 111-122 (2006).
Nurmi, J. T. et al. Characterization and Properties of Metallic Iron Nanoparticles:
Spectroscopy, Electrochemistry, and Kinetics. Environmental Science &
Technology 39, 1221-1230, doi:10.1021/es049190u (2005).
Choe, S., Lee, S.-H., Chang, Y.-Y., Hwang, K.-Y. & Khim, J. Rapid reductive
destruction of hazardous organic compounds by nanoscale Fe0. Chemosphere 42,
367-372, doi:http://dx.doi.org/10.1016/S0045-6535(00)00147-8 (2001).
Zhang, W.-x. Nanoscale Iron Particles for Environmental Remediation: An
Overview.
J.
Nanopart.
Res.
5,
323-332,
doi:http://dx.doi.org/10.1023/A:1025520116015 (2003).
Karlický, F. & Otyepka, M. Challenges in the theoretical description of
nanoparticle reactivity: Nano zero-valent iron. International Journal of Quantum
Chemistry 114, 987-992, doi:10.1002/qua.24627 (2014).

150

44
45
46

47

48

49
50

51
52

53
54

55
56
57

Li, S. et al. Establishing the trichloroethene dechlorination rates of palladium-based
catalysts and iron-based reductants. Applied Catalysis B: Environmental 125, 95102, doi:https://doi.org/10.1016/j.apcatb.2012.05.025 (2012).
Tee, Y.-H., Bachas, L. & Bhattacharyya, D. Degradation of Trichloroethylene by
Iron-Based Bimetallic Nanoparticles. The Journal of Physical Chemistry C 113,
9454-9464, doi:10.1021/jp809098z (2009).
Li, X.-q., Elliott, D. W. & Zhang, W.-x. Zero-Valent Iron Nanoparticles for
Abatement of Environmental Pollutants: Materials and Engineering Aspects.
Critical Reviews in Solid State and Materials Sciences 31, 111-122,
doi:10.1080/10408430601057611 (2006).
Li, F., Vipulanandan, C. & Mohanty, K. K. Microemulsion and solution approaches
to nanoparticle iron production for degradation of trichloroethylene. Colloids and
Surfaces A: Physicochemical and Engineering Aspects 223, 103-112,
doi:http://dx.doi.org/10.1016/S0927-7757(03)00187-0 (2003).
Lien, H.-L. & Zhang, W.-x. Nanoscale iron particles for complete reduction of
chlorinated ethenes. Colloids and Surfaces A: Physicochemical and Engineering
Aspects 191, 97-105, doi:http://dx.doi.org/10.1016/S0927-7757(01)00767-1
(2001).
Liu, Y. & Lowry, G. V. Effect of Particle Age (Fe0 Content) and Solution pH On
NZVI Reactivity: H2 Evolution and TCE Dechlorination. Environmental Science
& Technology 40, 6085-6090, doi:10.1021/es060685o (2006).
Liu, Y., Majetich, S. A., Tilton, R. D., Sholl, D. S. & Lowry, G. V. TCE
Dechlorination Rates, Pathways, and Efficiency of Nanoscale Iron Particles with
Different Properties. Environ. Sci. Technol. 39, 1338-1345, doi:10.1021/es049195r
(2005).
Wang, C.-B. & Zhang, W.-x. Synthesizing Nanoscale Iron Particles for Rapid and
Complete Dechlorination of TCE and PCBs. Environmental Science & Technology
31, 2154-2156, doi:10.1021/es970039c (1997).
Lowry, G. V. & Johnson, K. M. Congener-Specific Dechlorination of Dissolved
PCBs by Microscale and Nanoscale Zerovalent Iron in a Water/Methanol Solution.
Environmental Science & Technology 38, 5208-5216, doi:10.1021/es049835q
(2004).
Schrick, B., Blough, J. L., Jones, A. D. & Mallouk, T. E. Hydrodechlorination of
Trichloroethylene to Hydrocarbons Using Bimetallic Nickel−Iron Nanoparticles.
Chemistry of Materials 14, 5140-5147, doi:10.1021/cm020737i (2002).
He, F. & Zhao, D. Hydrodechlorination of trichloroethene using stabilized Fe-Pd
nanoparticles: Reaction mechanism and effects of stabilizers, catalysts and reaction
conditions.
Appl.
Catal.,
B
84,
533-540,
doi:http://dx.doi.org/10.1016/j.apcatb.2008.05.008 (2008).
Hoke, J. B., Gramiccioni, G. A. & Balko, E. N. Catalytic hydrodechlorination of
chlorophenols. 1, 285-296, doi:10.1016/0926-3373(92)80054-4 (1992).
Yuan, G. & Keane, M. A. Liquid phase hydrodechlorination of chlorophenols over
Pd/C and Pd/Al2O3: a consideration of HCl/catalyst interactions and solution pH
effects. 52, 301-314, doi:10.1016/j.apcatb.2004.04.015 (2004).
Shabbir, S., Hong, M. & Rhee, H. Resin-supported palladium nanoparticles as
recyclable catalyst for the hydrodechlorination of chloroarenes and polychlorinated
151

58

59

60
61
62

63

64
65

66
67

68

69

biphenyls. Applied Organometallic Chemistry 31, e3552, doi:10.1002/aoc.3552
(2017).
Kopinke, F.-D., Mackenzie, K., Koehler, R. & Georgi, A. Alternative sources of
hydrogen for hydrodechlorination of chlorinated organic compounds in water on
Pd
catalysts.
Applied
Catalysis
A:
General
271,
119-128,
doi:http://dx.doi.org/10.1016/j.apcata.2004.02.052 (2004).
Grittini, C., Malcomson, M., Fernando, Q. & Korte, N. Rapid Dechlorination of
Polychlorinated Biphenyls on the Surface of a Pd/Fe Bimetallic System.
Environmental Science & Technology 29, 2898-2900, doi:10.1021/es00011a029
(1995).
Zhang, W.-x., Wang, C.-B. & Lien, H.-L. Treatment of chlorinated organic
contaminants with nanoscale bimetallic particles. Catalysis Today 40, 387-395,
doi:http://dx.doi.org/10.1016/S0920-5861(98)00067-4 (1998).
Liu, Y., Yang, F., Yue, P. L. & Chen, G. Catalytic dechlorination of chlorophenols
in
water
by
palladium/iron.
Water
Research
35,
1887-1890,
doi:http://dx.doi.org/10.1016/S0043-1354(00)00463-2 (2001).
Zhu, B.-W. & Lim, T.-T. Catalytic Reduction of Chlorobenzenes with Pd/Fe
Nanoparticles: Reactive Sites, Catalyst Stability, Particle Aging, and Regeneration.
Environmental Science & Technology 41, 7523-7529, doi:10.1021/es0712625
(2007).
Yan, W., Herzing, A. A., Li, X.-q., Kiely, C. J. & Zhang, W.-x. Structural Evolution
of Pd-Doped Nanoscale Zero-Valent Iron (nZVI) in Aqueous Media and
Implications for Particle Aging and Reactivity. Environmental Science &
Technology 44, 4288-4294, doi:10.1021/es100051q (2010).
Lien, H.-L. & Zhang, W.-X. Nanoscale Pd/Fe bimetallic particles: Catalytic effects
of palladium on hydrodechlorination. Appl. Catal., B 77, 110-116,
doi:http://dx.doi.org/10.1016/j.apcatb.2007.07.014 (2007).
He, F. & Zhao, D. Preparation and Characterization of a New Class of StarchStabilized Bimetallic Nanoparticles for Degradation of Chlorinated Hydrocarbons
in Water. Environmental Science & Technology 39, 3314-3320,
doi:10.1021/es048743y (2005).
Elliott, D. W. & Zhang, W.-x. Field Assessment of Nanoscale Bimetallic Particles
for Groundwater Treatment. Environmental Science & Technology 35, 4922-4926,
doi:10.1021/es0108584 (2001).
O’Carroll, D., Sleep, B., Krol, M., Boparai, H. & Kocur, C. Nanoscale zero valent
iron and bimetallic particles for contaminated site remediation. Advances in Water
Resources 51, 104-122, doi:http://dx.doi.org/10.1016/j.advwatres.2012.02.005
(2013).
Davie, M. G., Cheng, H., Hopkins, G. D., LeBron, C. A. & Reinhard, M.
Implementing Heterogeneous Catalytic Dechlorination Technology for
Remediating TCE-Contaminated Groundwater. Environ. Sci. Technol. 42, 89088915, doi:10.1021/es8014919 (2008).
Smuleac, V., Bachas, L. & Bhattacharyya, D. Aqueous-phase synthesis of PAA in
PVDF membrane pores for nanoparticle synthesis and dichlorobiphenyl
degradation.
Journal
of
Membrane
Science
346,
310-317,
doi:10.1016/j.memsci.2009.09.052 (2010).
152

70

71
72

73
74

75

76
77
78
79
80
81
82
83
84

Islam, M. S., Hernández, S., Wan, H., Ormsbee, L. & Bhattacharyya, D. Role of
membrane pore polymerization conditions for pH responsive behavior, catalytic
metal nanoparticle synthesis, and PCB degradation. Journal of Membrane Science
555, 348-361, doi:https://doi.org/10.1016/j.memsci.2018.03.060 (2018).
Wan, H. et al. Pd/Fe nanoparticle integrated PMAA-PVDF membranes for chloroorganic remediation from synthetic and site groundwater. Journal of Membrane
Science 594, 117454, doi:https://doi.org/10.1016/j.memsci.2019.117454 (2020).
Aher, A. et al. Naphthenic acids removal from high TDS produced water by
persulfate mediated iron oxide functionalized catalytic membrane, and by
nanofiltration.
Chemical
Engineering
Journal
327,
573-583,
doi:https://doi.org/10.1016/j.cej.2017.06.128 (2017).
Gui, M., Ormsbee, L. E. & Bhattacharyya, D. Reactive Functionalized Membranes
for Polychlorinated Biphenyl Degradation. Ind. Eng. Chem. Res. 52, 10430-10440,
doi:10.1021/ie400507c (2013).
Gui, M., Smuleac, V., Ormsbee, L., Sedlak, D. & Bhattacharyya, D. Iron oxide
nanoparticle synthesis in aqueous and membrane systems for oxidative degradation
of trichloroethylene from water. J. Nanopart. Res. 14, 1-16, doi:10.1007/s11051012-0861-1 (2012).
Zhang, Z. et al. Ultrafine nanoporous PdFe/Fe3O4 catalysts with doubly enhanced
activities towards electro-oxidation of methanol and ethanol in alkaline media.
Journal of Materials Chemistry A 1, 3620-3628, doi:10.1039/C3TA01464A
(2013).
Ding, Y. & Chen, M. Nanoporous Metals for Catalytic and Optical Applications.
MRS Bulletin 34, 569-576 (2009).
Fujita, T. et al. In-Situ TEM Study of a Nanoporous Ni–Co Catalyst Used for the
Dry Reforming of Methane. Metals 7, 406 (2017).
Wang, J., Wang, Z., Zhao, D. & Xu, C. Facile fabrication of nanoporous PdFe alloy
for nonenzymatic electrochemical sensing of hydrogen peroxide and glucose. Anal.
Chim. Acta 832, 34-43, doi:http://dx.doi.org/10.1016/j.aca.2014.04.062 (2014).
Huang, A. et al. A review of recent applications of porous metals and metal oxide
in energy storage, sensing and catalysis. Journal of Materials Science 54, 949-973,
doi:10.1007/s10853-018-2961-5 (2019).
Kareen;, O. G. K. W. B. R. H. M. S. L. W.-K. S. J. R. M. L. Method for loading
nanoporous layers with therapeutic agent. US20060193890A1 (2006).
Şeker, E., Shih, W.-C. & Stine, K. J. Nanoporous metals by alloy corrosion:
Bioanalytical and biomedical applications. MRS Bull. 43, 49-56,
doi:10.1557/mrs.2017.298 (2018).
Xiao, X., Si, P. & Magner, E. An overview of dealloyed nanoporous gold in
bioelectrochemistry.
Bioelectrochemistry
109,
117-126,
doi:http://dx.doi.org/10.1016/j.bioelechem.2015.12.008 (2016).
Qiu, H. J., Xu, H.-T., Liu, L. & Wang, Y. Correlation of the structure and
applications of dealloyed nanoporous metals in catalysis and energy
conversion/storage. Nanoscale 7, 386-400, doi:10.1039/C4NR05778C (2015).
Wang, X. et al. High catalytic activity of ultrafine nanoporous palladium for
electro-oxidation of methanol, ethanol, and formic acid. Electrochem. Commun. 11,
1896-1899, doi:http://dx.doi.org/10.1016/j.elecom.2009.08.011 (2009).
153

85

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

Zeis, R., Mathur, A., Fritz, G., Lee, J. & Erlebacher, J. Platinum-plated nanoporous
gold: An efficient, low Pt loading electrocatalyst for PEM fuel cells. Journal of
Power Sources 165, 65-72, doi:https://doi.org/10.1016/j.jpowsour.2006.12.007
(2007).
Zhang, Z. et al. Generalized Fabrication of Nanoporous Metals (Au, Pd, Pt, Ag,
and Cu) through Chemical Dealloying. The Journal of Physical Chemistry C 113,
12629-12636, doi:10.1021/jp811445a (2009).
Hakamada, M. & Mabuchi, M. Preparation of Nanoporous Palladium by
Dealloying: Anodic Polarization Behaviors of Pd-M (M=Fe, Co, Ni) Alloys. Mater.
Trans. 50, 431-435, doi:10.2320/matertrans.MBW200825 (2009).
Wang, L., Briot, N., Swartzentruber, P. & Balk, T. J. Magnesium Alloy Precursor
Thin Films for Efficient, Practical Fabrication of Nanoporous Metals. Metall.
Mater. Trans. A 45, 1-5, doi:10.1007/s11661-013-2127-7 (2014).
McCue, I., Benn, E., Gaskey, B. & Erlebacher, J. Dealloying and Dealloyed
Materials. Annual Review of Materials Research 46, 263-286,
doi:10.1146/annurev-matsci-070115-031739 (2016).
Li, W. C. & Balk, T. J. Achieving finer pores and ligaments in nanoporous
palladium–nickel
thin
films.
Scripta
Materialia
62,
167-169,
doi:http://dx.doi.org/10.1016/j.scriptamat.2009.10.009 (2010).
Biener, J. et al. Size Effects on the Mechanical Behavior of Nanoporous Au. Nano
Letters 6, 2379-2382, doi:10.1021/nl061978i (2006).
Lin, B. et al. Controlled porosity and pore size of nano-porous gold by thermally
assisted chemical dealloying - a SAXS study. RSC Advances 7, 10821-10830,
doi:10.1039/C6RA28423J (2017).
Lin, B., Kong, L., Hodgson, P. & Dumée, L. Impact of the De-Alloying Kinetics
and Alloy Microstructure on the Final Morphology of De-Alloyed Meso-Porous
Metal Films. Nanomaterials 4, 856 (2014).
Xu, C., Xu, X., Su, J. & Ding, Y. Research on unsupported nanoporous gold
catalyst for CO oxidation. Journal of Catalysis 252, 243-248,
doi:http://dx.doi.org/10.1016/j.jcat.2007.09.016 (2007).
Forty, A. J. CORROSION MICRO-MORPHOLOGY OF NOBLE-METAL
ALLOYS AND DEPLETION GILDING. Nature 282, 597-598,
doi:10.1038/282597a0 (1979).
Lechtman, H. Pre-Columbian Surface Metallurgy. Scientific American 250, 56-63
(1984).
Cesareo, R. et al. Multilayered artifacts in the pre-Columbian metallurgy from the
North of Peru. 113, 889-903, doi:10.1007/s00339-013-7738-8 (2013).
Sieradzki, K. et al. The Dealloying Critical Potential. Journal of The
Electrochemical Society 149, 7 (2002).
Erlebacher, J. An Atomistic Description of Dealloying Porosity Evolution, the
Critical Potential, and Rate-Limiting Behavior. Journal of The Electrochemical
Society 151, 10, doi:10.1149/1.1784820 (2004).
Chen, Q. & Sieradzki, K. Mechanisms and Morphology Evolution in Dealloying.
Journal of The Electrochemical Society 160, C226-C231, doi:10.1149/2.064306jes
(2013).

154

101
102
103
104
105
106
107
108
109
110
111

112
113
114
115
116

McCue, I., Karma, A. & Erlebacher, J. Pattern formation during electrochemical
and liquid metal dealloying. MRS Bulletin 43, 27-34, doi:10.1557/mrs.2017.301
(2018).
Cahn, J. W. & Hilliard, J. E. Free Energy of a Nonuniform System. III. Nucleation
in a Two-Component Incompressible Fluid. 31, 688, doi:10.1063/1.1730447
(1959).
Erlebacher, J. & Sieradzki, K. Pattern formation during dealloying. Scripta
Materialia 49, 991-996, doi:10.1016/s1359-6462(03)00471-8 (2003).
Erlebacher, J. & Seshadri, R. Hard Materials with Tunable Porosity. MRS Bulletin
34, 561-568, doi:10.1557/mrs2009.155 (2009).
Zhang, Z., Wang, Y., Qi, Z., Lin, J. & Bian, X. Nanoporous Gold Ribbons with
Bimodal Channel Size Distributions by Chemical Dealloying of Al−Au Alloys. The
Journal of Physical Chemistry C 113, 1308-1314, doi:10.1021/jp808569g (2009).
Qian, L. H. & Chen, M. W. Ultrafine nanoporous gold by low-temperature
dealloying and kinetics of nanopore formation. Applied Physics Letters 91, 083105,
doi:doi:http://dx.doi.org/10.1063/1.2773757 (2007).
Wada, T., Yubuta, K., Inoue, A. & Kato, H. Dealloying by metallic melt. Materials
Letters 65, 1076-1078, doi:http://dx.doi.org/10.1016/j.matlet.2011.01.054 (2011).
Wada, T., Setyawan, A. D., Yubuta, K. & Kato, H. Nano- to submicro-porous β-Ti
alloy prepared from dealloying in a metallic melt. Scripta Materialia 65, 532-535,
doi:http://dx.doi.org/10.1016/j.scriptamat.2011.06.019 (2011).
McCue, I., Gaskey, B., Geslin, P.-A., Karma, A. & Erlebacher, J. Kinetics and
morphological evolution of liquid metal dealloying. Acta Materialia 115, 10-23,
doi:http://doi.org/10.1016/j.actamat.2016.05.032 (2016).
McCue, I. et al. Size Effects in the Mechanical Properties of Bulk Bicontinuous
Ta/Cu Nanocomposites Made by Liquid Metal Dealloying. Advanced Engineering
Materials 18, 46-50, doi:10.1002/adem.201500219 (2016).
Chauvin, A., Txia Cha Heu, W., Buh, J., Tessier, P.-Y. & El Mel, A.-A. Vapor
dealloying of ultra-thin films: a promising concept for the fabrication of highly
flexible transparent conductive metal nanomesh electrodes. npj Flexible
Electronics 3, doi:10.1038/s41528-019-0049-1 (2019).
Lu, Z. et al. Three-dimensional bicontinuous nanoporous materials by vapor phase
dealloying. Nature Communications 9, 276, doi:10.1038/s41467-017-02167-y
(2018).
Kosmidou, M., Detisch, M. J., Maxwell, T. L. & Balk, T. J. Vacuum thermal
dealloying of magnesium-based alloys for fabrication of nanoporous refractory
metals. MRS Communications 9, 144-149, doi:10.1557/mrc.2019.15 (2019).
Ding, Y., Kim, Y. J. & Erlebacher, J. Nanoporous Gold Leaf: “Ancient
Technology”/Advanced Material. Advanced Materials 16, 1897-1900,
doi:10.1002/adma.200400792 (2004).
Wang, L. & Balk, T. J. Using Multilayer Precursors to Create Nanoporous Gold
and Nanoporous Iridium Thin Films with Layered Architecture. Metall and Mat
Trans A 45, 1096-1100, doi:10.1007/s11661-013-2171-3 (2014).
Zhao, C., Qi, Z., Wang, X. & Zhang, Z. Fabrication and characterization of
monolithic nanoporous copper through chemical dealloying of Mg–Cu alloys.

155

117
118
119
120
121
122
123

124
125
126

127
128

129
130

Corrosion Science 51, 2120-2125, doi:https://doi.org/10.1016/j.corsci.2009.05.043
(2009).
Cook, J. B. et al. Nanoporous Tin with a Granular Hierarchical Ligament
Morphology as a Highly Stable Li-Ion Battery Anode. ACS Applied Materials &
Interfaces 9, 293-303, doi:10.1021/acsami.6b09014 (2017).
Fujita, T., Qian, L.-H., Inoke, K., Erlebacher, J. & Chen, M.-W. Three-dimensional
morphology of nanoporous gold. Applied Physics Letters 92, 251902,
doi:doi:http://dx.doi.org/10.1063/1.2948902 (2008).
Covert, L. W. & Adkins, H. NICKEL BY THE RANEY PROCESS AS A
CATALYST OF HYDROGENATION. Journal of the American Chemical Society
54, 4116-4117, doi:10.1021/ja01349a510 (1932).
Raney, M. (Google Patents, 1927).
Rodella, C. B., Kellermann, G., Francisco, M. S. P., Jordão, M. H. & Zanchet, D.
Textural and Structural Analyses of Industrial Raney Nickel Catalyst. Industrial &
Engineering Chemistry Research 47, 8612-8618, doi:10.1021/ie800543t (2008).
Qiu, H. J. et al. A general and scalable approach to produce nanoporous alloy
nanowires with rugged ligaments for enhanced electrocatalysis. Journal of
Materials Chemistry A 6, 12541-12550, doi:10.1039/C8TA03544J (2018).
Han, B. & Xu, C. Nanoporous PdFe alloy as highly active and durable
electrocatalyst for oxygen reduction reaction. International Journal of Hydrogen
Energy 39, 18247-18255, doi:http://dx.doi.org/10.1016/j.ijhydene.2014.09.006
(2014).
Tarasevich, M. R. et al. Oxygen kinetics and mechanism at electrocatalysts on the
base of palladium–iron system. Electrochimica Acta 52, 5108-5118,
doi:http://dx.doi.org/10.1016/j.electacta.2007.02.005 (2007).
Yuhang, G. U. O. et al. RESEARCH ON THE APPLICATION OF
NANOPOROUS METAL MATERIALS IN GAS PHASE CATALYSIS.
Oxidation Communications 39, 2533-2537 (2016).
Biener, J., Biener, M. M., Madix, R. J. & Friend, C. M. Nanoporous Gold:
Understanding the Origin of the Reactivity of a 21st Century Catalyst Made by PreColumbian
Technology.
ACS
Catalysis
5,
6263-6270,
doi:10.1021/acscatal.5b01586 (2015).
Zhang, X. & Ding, Y. Unsupported nanoporous gold for heterogeneous catalysis.
Catalysis Science & Technology 3, 2862-2868, doi:10.1039/C3CY00241A (2013).
Kosuda, K. M., Wittstock, A., Friend, C. M. & Bäumer, M. Oxygen-Mediated
Coupling of Alcohols over Nanoporous Gold Catalysts at Ambient Pressures.
Angewandte
Chemie
International
Edition
51,
1698-1701,
doi:10.1002/anie.201107178 (2012).
Shi, J. et al. Nanoporous gold functionalized with praseodymia–titania mixed
oxides as a stable catalyst for the water–gas shift reaction. Physical Chemistry
Chemical Physics 21, 3278-3286, doi:10.1039/c8cp06040a (2019).
Wittstock, A., Zielasek, V., Biener, J., Friend, C. M. & Bäumer, M. Nanoporous
Gold Catalysts for Selective Gas-Phase Oxidative Coupling of Methanol at Low
Temperature. Science 327, 319-322, doi:10.1126/science.1183591 (2010).

156

131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

Xu, C. et al. Low Temperature CO Oxidation over Unsupported Nanoporous Gold.
Journal of the American Chemical Society 129, 42-43, doi:10.1021/ja0675503
(2007).
Zielasek, V. et al. Gold Catalysts: Nanoporous Gold Foams. Angewandte Chemie
International Edition 45, 8241-8244, doi:10.1002/anie.200602484 (2006).
Asao, N. et al. Nanostructured Materials as Catalysts: Nanoporous-Gold-Catalyzed
Oxidation of Organosilanes with Water. Angewandte Chemie International Edition
49, 10093-10095, doi:10.1002/anie.201005138 (2010).
Lopez, N. On the origin of the catalytic activity of gold nanoparticles for lowtemperature CO oxidation. Journal of Catalysis 223, 232-235,
doi:10.1016/j.jcat.2004.01.001 (2004).
Ludwig, R., Kukla, R. & Josephson, E. Vacuum Web Coating - State of the Art and
Potential for Electronics. Proceedings of the IEEE 93, 1483-1490,
doi:10.1109/jproc.2005.851489 (2005).
Grove, W. R. On the Electro-Chemical Polarity of Gases. 142, 87-101,
doi:10.1098/rstl.1852.0008 (1852).
Ohring, M. in Materials Science of Thin Films (Second Edition) (ed Milton
Ohring) 417-494 (Academic Press, 2002).
Thornton, J. A. The microstructure of sputter‐deposited coatings. Journal of
Vacuum
Science
&
Technology
A
4,
3059-3065,
doi:doi:http://dx.doi.org/10.1116/1.573628 (1986).
Thornton, J. A. High Rate Thick Film Growth. Annual Review of Materials Science
7, 239-260, doi:doi:10.1146/annurev.ms.07.080177.001323 (1977).
Vook, R. W. Nucleation And Growth Of Thin Films. OPTICE 23, 233343-233343, doi:10.1117/12.7973291 (1984).
Petrov, I., Barna, P. B., Hultman, L. & Greene, J. E. Microstructural evolution
during film growth. Journal of Vacuum Science & Technology A 21, S117-S128,
doi:doi:http://dx.doi.org/10.1116/1.1601610 (2003).
Ohring, M. in Materials Science of Thin Films (Second Edition) (ed Milton
Ohring) 203-275 (Academic Press, 2002).
Stutzin, G. C., Rózsa, K. & Gallagher, A. Deposition rates in direct current diode
sputtering. Journal of Vacuum Science & Technology A 11, 647-656,
doi:doi:http://dx.doi.org/10.1116/1.578786 (1993).
Russell, S. W. et al. Enhanced adhesion of copper to dielectrics via titanium and
chromium additions and sacrificial reactions. Thin Solid Films 262, 154-167,
doi:10.1016/0040-6090(94)05812-1 (1995).
Kriese, M. D., Moody, N. R. & Gerberich, W. W. Effects of annealing and
interlayers on the adhesion energy of copper thin films to SiO2/Si substrates. 46,
6623-6630, doi:10.1016/s1359-6454(98)00277-8 (1998).
Huang, J.-H., Ouyang, F.-Y. & Yu, G.-P. Effect of film thickness and Ti interlayer
on the structure and properties of nanocrystalline TiN thin films on AISI D2 steel.
201, 7043-7053, doi:10.1016/j.surfcoat.2007.01.012 (2007).
Gerth, J. & Wiklund, U. The influence of metallic interlayers on the adhesion of
PVD TiN coatings on high-speed steel. Wear 264, 885-892,
doi:10.1016/j.wear.2006.11.053 (2008).

157

148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

Schmidt, T. K., Balk, T. J., Dehm, G. & Arzt, E. Influence of tantalum and silver
interlayers on thermal stress evolution in copper thin films on silicon substrates.
Scripta Materialia 50, 733-737, doi:10.1016/j.scriptamat.2003.11.039 (2004).
Leng, Y. in Materials Characterization Ch. 4, 121-144 (John Wiley & Sons,
2008).
Yang, L. in Materials Characterization 197-224 (John Wiley & Sons, 2008).
Giannuzzi, L. A. & Stevie, F. A. A review of focused ion beam milling techniques
for TEM specimen preparation. Micron 30, 197-204, doi:10.1016/s09684328(99)00005-0 (1999).
Williams, D. B. & Carter, C. B. Transmission electron microscopy: A textbook for
materials science. (2009).
Gennes, P.-G. d. Capillarity and wetting phenomena : drops, bubbles, pearls,
waves. (New York : Springer, 2004).
Childress, A. E. & Elimelech, M. Relating Nanofiltration Membrane Performance
to Membrane Charge (Electrokinetic) Characteristics. Environmental Science &
Technology 34, 3710-3716, doi:10.1021/es0008620 (2000).
Childress, A. E. & Elimelech, M. Effect of solution chemistry on the surface charge
of polymeric reverse osmosis and nanofiltration membranes. Journal of Membrane
Science 119, 253-268, doi:10.1016/0376-7388(96)00127-5 (1996).
Nyström, M., Pihlajamäki, A. & Ehsani, N. Characterization of ultrafiltration
membranes by simultaneous streaming potential and flux measurements. Journal
of Membrane Science 87, 245-256, doi:10.1016/0376-7388(94)87031-4 (1994).
Nyström, M., Lindström, M. & Matthiasson, E. Streaming potential as a tool in the
characterization of ultrafiltration membranes. Colloids and Surfaces 36, 297-312,
doi:10.1016/0166-6622(89)80245-8 (1989).
Elimelech, M., Chen, W. H. & Waypa, J. J. Measuring the zeta (electrokinetic)
potential of reverse osmosis membranes by a streaming potential analyzer.
Desalination 95, 269-286, doi:10.1016/0011-9164(94)00064-6 (1994).
Reis, R. et al. Towards Enhanced Performance Thin-film Composite Membranes
via Surface Plasma Modification. Scientific Reports 6, 29206,
doi:10.1038/srep29206 (2016).
Kim, H. I. & Kim, S. S. Plasma treatment of polypropylene and polysulfone
supports for thin film composite reverse osmosis membrane. Journal of Membrane
Science 286, 193-201, doi:https://doi.org/10.1016/j.memsci.2006.09.037 (2006).
Gancarz, I., Pozniak, G. & Bryjak, M. Modification of polysulfone membranes 3.
Effect of nitrogen plasma. European Polymer Journal 36, 1563-1569,
doi:10.1016/s0014-3057(99)00240-2 (2000).
Li, W.-C. & Balk, T. J. Effects of substrate curvature on dealloying of nanoporous
thin
films.
Scripta
Materialia
61,
1125-1128,
doi:http://dx.doi.org/10.1016/j.scriptamat.2009.09.003 (2009).
Schultz, S. G. & Solomon, A. K. Determination of the Effective Hydrodynamic
Radii of Small Molecules by Viscometry. The Journal of General Physiology 44,
1189-1199, doi:10.1085/jgp.44.6.1189 (1961).
Sander, R. Compilation of Henry's law constants (version 4.0) for water as solvent.
Atmos. Chem. Phys. 15, 4399-4981, doi:10.5194/acp-15-4399-2015 (2015).

158

165

166

167

Schüth, C. & Reinhard, M. Hydrodechlorination and hydrogenation of aromatic
compounds over palladium on alumina in hydrogen-saturated water. Applied
Catalysis B: Environmental 18, 215-221, doi:http://dx.doi.org/10.1016/S09263373(98)00037-X (1998).
Lowry, G. V. & Reinhard, M. Pd-Catalyzed TCE Dechlorination in Groundwater:
Solute Effects, Biological Control, and Oxidative Catalyst Regeneration.
Environmental Science & Technology 34, 3217-3223, doi:10.1021/es991416j
(2000).
Schwinge, J., Neal, P. R., Wiley, D. E., Fletcher, D. F. & Fane, A. G. Spiral wound
modules and spacers: Review and analysis. Journal of Membrane Science 242, 129153, doi:https://doi.org/10.1016/j.memsci.2003.09.031 (2004).

159

VITA
Michael J. Detisch graduated Magna Cum Laude from Honors with Honors with a
B.S. in Physics & Astronomy from the University of Kentucky in 2008. In 2013 he began
his PhD working at the University of Kentucky, entering the Materials Science &
Engineering PhD program.
Awards
•

Best Poster Presentation Award. Imagine Membrane 2019 Research Conference,
Horta, Azores, Portugal. “Magnetron sputtered metal thin film deposition on
ultrafiltration membrane for organic degradation and separations”.

•

University of Kentucky Department of Chemical & Materials Engineering,
Outstanding Graduate Student Award 2018 “Nanostructured catalysts as
components of composite reactive membranes”

•

2nd Place in Materials, Modeling, and Novel Applications Student Poster Award
North American Membrane Society Meeting
Peer Reviewed Papers

1. Detisch, M. J., Balk, T. J., Bezold, M, & Bhattacharyya, D. Nanoporous MetalPolymer Composite Membranes for Organics Separations and Catalysis. Journal
of Materials Research, (Under Review 2020)
2. Kosmidou, M., Detisch, M. J., Maxwell, T. L. & Balk, T. J. Vacuum thermal
dealloying of magnesium-based alloys for fabrication of nanoporous refractory
metals. MRS Communications 9, 144-149, doi:10.1557/mrc.2019.15 (2019).
3. Detisch, M. J., Balk, T. J. & Bhattacharyya, D. Synthesis of Catalytic Nanoporous
Metallic Thin Films on Polymer Membranes. Industrial & Engineering Chemistry
Research 57, 4420-4429, doi:10.1021/acs.iecr.8b00053 (2018).
4. Swartzentruber, P. D., Detisch, M. J. & Balk, T. J. in 2016 IEEE International
Vacuum Electronics Conference (IVEC). 1-2.
5. Swartzentruber, P. D., Detisch, M. J. & Balk, T. J. Composition and work function
relationship in Os–Ru–W ternary alloys. Journal of Vacuum Science & Technology
A 33, 021405, doi:http://dx.doi.org/10.1116/1.4905499 (2015).
6. Porter, R. L., Ferland, G. J., Storey, P. J. & Detisch, M. J. Improved He i
emissivities in the case B approximation. Monthly Notices of the Royal

160

Astronomical
Society:
3933.2012.01300.x (2012).

Letters

425,

L28-L31,

doi:10.1111/j.1745-

Conference Presentations
•

Materials Research Society Fall Conference. November, 2019. Oral Presentation.
“Nanostructured Thin Metallic Films on Polymeric Membrane Support for
Reactions and Separation” Michael J Detisch, John Balk, Dibakar Bhattacharyya

•

Imagine Membrane 2019. September, 2019. Poster Presentation. “Magnetron
sputtered metal thin film deposition on ultrafiltration membrane for organic
degradation and separations”

•

North American Membrane Society Conference. May, 2019. Poster Presentation.
“Magnetron Sputtered Palladium Alloy Films as Nanostructured Top Layers in
Composite Reactive Membranes”. Michael J Detisch, John Balk, Dibakar
Bhattacharyya

•

North American Membrane Society Conference. June, 2018. Oral Presentation.
“Surface Deposition of Nanostructured Metallic Films on Polymer Support
Membranes and Applications”. Michael J Detisch, John Balk, Dibakar
Bhattacharyya

•

North American Membrane Society Conference. June, 2018. Poster Presentation.
“Magnetron Sputtered Palladium Alloy Films as Nanostructured Top Layers in
Composite Reactive Membranes”. Michael J Detisch, John Balk, Dibakar
Bhattacharyya

•

NIEHS SRP 2017 Annual Meeting. December, 2017. Poster Presentation.
“Nanostructured Metal-Polymer Reactive Membranes for PCB Remediation”.
Michael J Detisch, John Balk, Dibakar Bhattacharyya

•

ICOM Meeting 2017. July, 2017. Poster Presentation. “Metal-pvdf and metalpolysulfone composite membranes”. Michael J Detisch, John Balk, Dibakar
Bhattacharyya

•

Materials Research Society Spring Meeting. April, 2017. Oral Presentation.
“Dealloying Metallic Films to Fabricate Reactive Layers in Metal-Polymer
Composite Membranes”. Michael J Detisch, John Balk, Dibakar Bhattacharyya

•

ECI Advanced Membrane Technology VII Conference. August, 2016. Poster
Presentation. “Nanoporous Metallic Films in Composite Membranes”. Michael J
Detisch, John Balk, Dibakar Bhattacharyya

161

•

North American Membrane Society Conference. May, 2016. Oral Presentation.
“Fabricating Nanoporous Metallic Films As Components of Composite
Membranes”. Michael J Detisch, John Balk, Dibakar Bhattacharyya

•

North American Membrane Society Conference. May, 2016. Poster Presentation.
“Nanoporous Metallic Films as Components of Composite Membranes”. Michael
J Detisch, John Balk, Dibakar Bhattacharyya

162

